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1. Introduction 
Ionic liquids (ILs) are a diverse and fascinating class of materials. As salts with comparably 
low melting points – often even below room temperature (RT) – they combine typically very 
low vapor pressures with a large number of tunable chemical and physicochemical properties, 
depending on the numerous possible pairings of cations and anions.
1-13
 One of the most 
successful applications involving bulk amounts of ILs is the BASIL
TM
 process for the 
production of alkoxyphenylphosphines.
14-15
 The continuously growing interest in interfaces of 
IL systems goes in line with increasing realization of the incredible potential of task-specific 
ILs. The importance of IL interfaces becomes even more apparent for interface-controlled 
applications as e.g. in sensors,
4, 16-19
 lubrication,
20-22
 separation,
4, 19, 23-29
 electrochemis- 
try
4, 19, 30-46
 and electronics
47-49
 technologies. ILs further stimulated completely new concepts 
for catalysis. Thin IL films on high surface area solid supports are the key ingredient to highly 
effective SCILL
50 
(Solid Catalyst with Ionic Liquid Layer) and SILP
23, 51-52
 (Supported Ionic 
Liquid Phase) catalysis.
1, 4, 50-64
 The groundbreaking discovery in SCILL, for example, was 
the ability of the IL phase to make the reactive sites of a heterogeneous catalyst more resistant 
towards poisoning while simultaneously increasing the reactivity and selectivity.
50, 65-66
 The 
examples of pioneering work and substantial reviews in Figure 1 highlight the fundamental 
interest in liquid/solid and liquid/gas interfaces and how for all of the applications mentioned 
above, the function, performance and stability of the respective system is very sensitive 
towards the interface properties of the IL films.
11, 64, 67-71
 The low vapor pressure and excellent 
thermal stability of many ILs enable not only their use under extreme conditions, but also 
their investigation in ultra-high vacuum (UHV) under well-defined conditions with atomic 
level accuracy,
11, 72
 coining the term “Ionic Liquid Surface Science” as a pivotal sub-
discipline of IL research
11
 and initiating a new age for the spectroscopic investigation of 
liquid surfaces in general.
11, 69, 73
 
Porphyrins are an equally diverse and fascinating class of materials. Mimicking their 
vital role in numerous biological catalytic reactions and transport mechanisms,
74-75
 porphyrins 
also stimulated particular interest for technical applications.
76-83
 They offer great functional 
diversity through a vast degree of freedom concerning the variation of the substituents at the 
periphery of the tetrapyrrole core of the molecule.
84
 Knowledge and control of the formation 
and structure of self-assembled porphyrin adlayers on the surfaces of solid supports are 
essential for the synthesis of custom-tailored environments and catalysts.
76-77, 82, 85-87
 
Prototypical porphyrin/IL composite systems offer synergies between the two molecular 
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classes in, for example, catalysis
86
 and dye-sensitized solar cell
47-48
 technologies. So far, the 
potential of these pioneering works has only been touched at the surface.
84
 In such 
applications, again, the function, performance and stability of the organic thin films are 
strongly determined by the properties of the interface to the support.
11, 64, 67-71, 84
 
 
Figure 1: Examples of pioneering work and substantial reviews, highlighting the fundamental 
interest in liquid/solid and liquid/gas interfaces in general
69, 72-73
 and the relevance of IL 
interfaces for applications.
11, 20-21, 32, 50, 88-90
 The function, performance and stability of the ap-
plied systems strongly rely on the interface properties.
11, 64, 67-71
 
IL/solid interfaces buried under macroscopically thick IL films are generally not ac-
cessible by most of the sophisticated UHV surface science methods.
11
 After the first report of 
the successful distillation of ILs at reduced pressure without decomposition,
91
 the first use of 
physical vapor deposition (PVD) of ILs in 2008
92-93
 combined with angle-resolved X-ray 
photoelectron spectroscopy (ARXPS) led the way to establishing powerful new methods for 
the investigation of the properties of IL/solid and IL/vacuum interfaces like wetting behavior 
and IL film growth with molecular resolution under well-controlled and clean conditions for 
coverages ranging from less than a monolayer to several multilayers.
11, 69, 93-102
 Within this 
thickness range, the limited information depth of highly surface sensitive methods – as for 
example XPS – is large enough for a detailed characterization of IL/solid interfaces.11 
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Based on previous studies of ultrathin IL films on metal surfaces, this thesis systema-
tically looks to answer how the IL/solid interface forms, how the ions arrange at the inter-
faces, what the initial stages of thin film growth are, whether the film morphology can change 
over time and how stable the ultrathin IL films are at elevated temperatures.
84, 103-105
 Further 
extending the scope by looking at mixtures of ILs – instead of using one IL comprised of one 
type of cation and anion – on metal surfaces promises an even larger parameter space for tar-
geted applications of ultrathin IL films
104
 and raises a whole new set of fundamental questions 
specifically for mixed thin films: Are there effects of preferential adsorption, segregation and 
enrichment? What is the structure and composition at the IL/support and IL/vacuum inter-
faces? How do these phenomena relate to varying combinations of ions and how do they 
evolve with temperature?
104-105
 
This thesis sheds light on the questions raised above, on the example of a set of 
selected ILs (Table 1) and single-crystalline Ag(111) and Au(111) surfaces. For the first time, 
mixed ultrathin IL films were prepared by sequential PVD of two different ILs on the metal 
surfaces – the evaporators were built in the course of the experiments and optimized specifi-
cally for the evaporation of ILs. The films were analyzed by ARXPS with Al Kα radiation at 
emission angles of 0° and 80°. The information depth at 0° is 7–9 nm (depending on the kine-
tic energy) and only 1–1.5 nm at 80°. Thus, in the latter case, the experiment is about six 
times more surface sensitive and mainly the topmost surface layer is probed (for details see 
Chapter 2.2).  
As the experimental results blend very well into recent and potential future studies, the 
presentation of IL thin film growth in Chapter 3.1 involves a thorough discussion of 
complimentary results from literature. Chapter 3.2 deals with a special case of time-dependent 
behavior of IL film morphology immediately after PVD. The growth and desorption behavior 
of the porphyrin 2H-TPP (see Table 1) is the topic of Chapter 3.3. Just as in Chapter 3.1, the 
results of thermal stability of ultrathin IL films in Chapter 3.4 find close correlation to 
previous studies, however extending the scope by examples of selective desorption from 
mixed thin films. In Chapter 3.5, the exchange of anions and cations at the IL/Ag(111) inter-
face of mixed thin films and the resulting interface compositions will be discussed, before a 
detailed analysis of the interaction of co-adsorbed porphyrins with ILs on metal surfaces in 
Chapter 3.6 sets the ground for potential future studies of porphyrins at the interfaces of thin 
IL films. 
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2. Materials and Methods 
2.1 Materials 
2.1.1 Chemicals 
The compounds used in this thesis are summarized in Table 1 along with selected properties 
that are essential to this work. 3-Methyl-1-octylimidazolium hexafluorophosphate, 
[C8C1Im][PF6], was purchased from Sigma-Aldrich (purity > 95%). 1,3-Dimethylimidazolium 
bis[(trifluoromethyl)sulfonyl]imide, [C1C1Im][Tf2N], and 1-methyl-3-octylimidazolium 
bis[(trifluoromethyl)sulfonyl]imide, [C8C1Im][Tf2N], were synthesized under ultrapure con-
ditions by Dr. Nicola Taccardi according to previous publications.
106
 3-Methyl-1-(3,3,4,4,4-
pentafluorobutyl)imidazolium hexafluorophosphate, [PFBMIm][PF6], was prepared by 
Dr. Gabriel Partl as described in the corresponding publication.
105
 5,10,15,20-Tetraphenyl-
porphyrin, 2H-TPP, was purchased from Porphyrin Systems (purity 98%). The ILs and 2H-
TPP were carefully degassed in UHV at elevated temperature prior to the deposition experi-
ments. Table 1 also shows a selection of other ILs that were not studied here, but will be 
mentioned in the discussion. 
For comparing the thin film results with bulk mixtures, bulk amounts of IL mixtures 
were prepared with varying composition using acetonitrile (Sigma-Aldrich, purity 99.8%) as 
co-solvent to ensure proper mixing of the respective ILs.
104-105, 107
 The IL mixtures were 
spread as macroscopic films (about 0.1 mm thickness) on polycrystalline Ag foil. For 
ARXPS, each sample was only introduced into the vacuum chamber after careful degassing of 
the liquid film in the chamber’s load lock.104-105 
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Table 1: Names, molecular structures and further details of the compounds discussed in this thesis. The compounds shaded in gray were used for the 
experimental part. 
Short name 
Molecular structure 
and IUPAC name 
Glass transition
a
 
Tg / K 
Melting point
a
 
Tm / K 
Surface 
tension  
𝝈 / mN/m 
Density
 
𝝆 / g/cm3 
Molecular 
volume 
𝑽𝒎 / nm
3
 
Monolayer 
height
b
 
𝒉 / nm 
[C1C1Im][Tf2N]  
1,3-dimethylimidazolium 
bis[(trifluoromethyl)sulfonyl]imide 
         - 295
108 
299
109 
36.3
f,8
 
1.554
f,109 
1.567
f,8
 
0.400
f,8
 0.73
94, 99, 103, 110
 
[C2C1Im][Tf2N]  
1-ethyl-3-methylimidazolium 
bis[(trifluoromethyl)sulfonyl]imide 
178
111
 180
112
 
181
113 
186
109
 
195
114
 
252
114
 254
115
 
255
109, 112
 
256
113
 257
111
 
263
116
 270
108 
257–271117 
32.6
f,118
 
35.1
f,119 
35.2
f,120-121
 
 
41.6
f,122 
1.516
123
 
1.518
f,119
 
1.519
f,114
 
1.522
f,109 
1.524
g,116
 
0.428
f,8, 119
 0.75 
[C4C1Im][Tf2N]  
1-butyl-3-methylimidazolium 
bis[(trifluoromethyl)sulfonyl]imide 
169
2 
181
124
 
182
125 
186
109, 111, 114, 126 
187
113
 
248
2
 267
114
 
268
115
 
269
108, 125
 
270
109, 126 
271
113
 272
111 
30.7
f,8
 
30.8
f,118
 
37.5
f,2
 
1.43
f,2, 118
 
1.435
f,8
 
1.436
f,114 
1.437
123 
1.44
f,109, 113 
0.485
f,8
 0.79
98
 
[C8C1Im][Tf2N]  
3-methyl-1-octylimidazolium 
bis[(trifluoromethyl)sulfonyl]imide 
171
117
 
187
125, 127 
189
114
 
193
109 
 
250–264117 
29.5
f,8
 
30.2
f,128
 
30.4
121
 
1.31
f,8, 125, 129 
1.32
f,114, 128
 
1.322
f,109 
1.325
123 
0.598
d
 
0.603
f,8
 
0.62
6 
0.84
94, 103-104
 
[C8C1Im]Cl  
3-methyl-1-octylimidazolium chloride 
186
2
 191
130
 
30.9
f,8
 
33.8
f,2
 
1.00
f,2, 131
 
1.009
f,8
 
1.01
6
 
0.380
f,6, 8
 0.72
132
 
 
 
       
        
  
 
7
 
Table 1 continued. 
Short name 
Molecular structure 
and IUPAC name 
Glass transition
a
 
Tg / K 
Melting point
a
 
Tm / K 
Surface 
tension  
𝝈 / mN/m 
Density 
𝝆 / g/cm3 
Molecular 
volume  
𝑽𝒎 / nm
3
 
Monolayer 
height
b
 
𝒉 / nm 
[C2C1Im][TfO]  
1-ethyl-3-methylimidazolium 
trifluoromethanesulfonate 
175
112
 258
112 
264
108
 
37.8
f,118
 
44.4
f,122
 
1.388
g,133
 
1.39
f,118
 
0.311
g,133
 0.68
101
 
[PFBMIm][PF6]  
3-methyl-1-(3,3,4,4,4-pentafluorobutyl)- 
imidazolium hexafluorophosphate 
          - 339
105
   0.360
b,105 
0.71
105
 
[C4C1Im][PF6]  
1-butyl-3-methylimidazolium 
hexafluorophosphate 
189
124
 193
2 
196
114, 126
 
197
113
 212
134
 
212
130
 284
113 
282
115 
283
2, 126 
47.9
f,122
 
48.8
f,2
 
1.31
f,131 
1.360
f,2, 135
 
1.368
f,114
 
0.345
e
 
0.347
f,135
  
0.70 
[C8C1Im][PF6]  
3-methyl-1-octylimidazolium 
hexafluorophosphate 
191
2 
194
124
 
202
114 203
130
 
32.5
f,8
 
36.5
f,2 
1.19
f,131
 
1.22
f,2, 123, 135
 
1.235
f,8
 
1.237
f,114
 
0.458
f,8
  
0.46
6
 
0.461
f,135
  
0.77
84, 104-105
 
[C4C1Im][BF4]  
1-butyl-3-methylimidazolium 
tetrafluoroborate 
176
2
 178
136
 
182
124
 188
113
 
190
126
 192
134
 
192
130-131
 46.6
f,2 
1.12
f,2
 
1.205
113
 
1.26
f,131 
0.312
137 
0.68 
[C8C1Im][BF4]  
3-methyl-1-octylimidazolium 
tetrafluoroborate 
190
136 
193
131
 193
130 
30.8
f,8
 
1.08
f,6, 131
 
1.091
135
 
1.099
f,8
 
1.104
f,138 
1.105
f,123, 139
 
0.424
f,138
 
0.426
f,8
 
0.43
f,6, 135
  
0.75 
0.6
c,138
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Table 1 continued. 
Short name 
Molecular structure 
and IUPAC name 
Glass transition
a
 
Tg / K 
Melting point
a
 
Tm / K 
Surface 
tension  
𝝈 / mN/m 
Density 
𝝆 / g/cm3 
Molecular 
volume  
𝑽𝒎 / nm
3
 
Monolayer 
height
b
 
𝒉 / nm 
[C4C1Pyrr][Tf2N]  
N-butyl-N-methylpyrrolidinium 
bis[(trifluoromethyl)sulfonyl]imide 
181
140
 
186
111, 140
 
252
140
 255
111
 
262
140
 264
115
 
267
116
 
32.3
f,8
 
1.39
123
 1.394
f,8
 
1.399
g,116
 
0.503
f,8
 0.80 
[C4C1Pyrr][FAP] 
 
N-butyl-N-methylpyrrolidinium 
tris(pentafluoroethyl)trifluorophosphate 
157
141
 277
141
 38
g,141
 1.59
123
 0.613
123
 0.85
 
2H-TPP 
 
5,10,15,20-tetraphenylporphyrin 
- -  1.273
142-143
  0.34
c,84
 
a: Can depend strongly on heating rate, thermal history (e.g. cooling rate) or water content.
2, 109, 117, 119, 127, 129, 140
 Some studies suggest different temperatures for melting of 
organized domains at and below monolayer coverage on metal surfaces
96, 144-146
 and even for multilayers;
92, 138
 
b: For details on the calculation of ℎ, see Chapter 2.5; 
c: Value determined experimentally; 
d: Based on literature data;
128
 
e: Based on literature data;
147
 
f: At 298 K; 
g: At 293 K.  
 9 
2.1.2 Metal Single Crystals 
The round Ag(111) and Au(111) single crystals with a diameter of 15 mm and a thickness of 
2 mm were purchased from MaTecK with a purity of 99.999 % and one side polished and 
aligned to the (111) plane with an accuracy better than 0.1°. The crystals were mounted to Mo 
sample holders and fixed with Ta wire, see Figure 2. For temperature measurement, type K 
thermocouples were contacted and stuck into a pinhole (∅ = 0.3 mm) at the side of the crystal 
(see also technical drawing in the Appendix). Surface preparation was done in UHV by 
sputtering with 600 eV Ar
+
 ions followed by annealing at 800 K. The sample cleanliness and 
long range order were checked by XPS and low energy electron diffraction (LEED), 
respectively.
103-105
 
 
Figure 2: Photograph of the Au(111) single crystal mounted on a Mo sample plate. A techni-
cal drawing of the Ag(111) and Au(111) crystals is provided in the Appendix. 
Ag(111) and Au(111) show low reactivity towards the ILs and 2H-TPP, and no 
changes in the atomic structure of these surfaces were reported upon deposition.
85, 103, 148
 In 
addition to the excellent suitability as model systems, Ag and Au in the form of Ag/Au alloys 
could be relevant for future applications in SCILL
103
 where Ag activates molecular oxygen in 
oxygen-assisted coupling reactions.
149-150
  
2.2 Angle-Resolved X-Ray Photoelectron Spectroscopy (ARXPS) 
X-ray photoelectron spectroscopy (XPS) is the main method applied throughout this thesis. 
As sketched in Figure 3, XPS is based on the photoelectric effect,
151-153
 that is, the emission of 
electrons from matter upon interaction with electromagnetic radiation. These so-called 
photoelectrons have kinetic energies 𝐸𝑘𝑖𝑛  that correlate directly to the energy (ℎ𝜈) of the 
incident photons and the binding energy 𝐸𝑏 of the electrons occupying the various core levels 
of the elements present in a given sample: 
𝐸𝑘𝑖𝑛 = ℎ𝜈 − (𝐸𝑏 + 𝛷𝑠𝑝)     (1) 
 10 
The work function 𝛷𝑠𝑝 of the spectrometer is typically considered by calibrating the 
spectrometer to the Fermi level of the sample.
95
 An analyzer collects the emitted 
photoelectrons and separates them by 𝐸𝑘𝑖𝑛, providing counts per second for discrete energy 
intervals upon scanning the spectrum. Figure 4a shows the XP spectrum of a clean Ag(111) 
single crystal under Al K𝛼 radiation (ℎ𝜈 = 1486.6 eV). Note the characteristic set of core 
levels distributed across the spectrum, all related to the electronic structure of Ag, which al-
lows for a clear identification of this element. The XP spectrum of the IL [C1C1Im][Tf2N] in 
Figure 4b shows a spread of lines which as indicated in the graph are related to the different 
elements (C, F, N, O, S) present in the IL sample. 
 
Figure 3: Angle-resolved X-ray photoelectron spectroscopy (ARXPS). Photoelectrons are 
emitted from the sample upon X-ray irradiation. The blue arrows correspond to 3𝜆. The red 
arrows indicate the information depth 𝐼𝐷 and how it varies for a change in the detection (or 
emission) angle 𝜗  from normal emission (0°, bulk sensitive: 𝐼𝐷 =  7 to 9 nm) to grazing 
emission (80°, surface sensitive: 𝐼𝐷 = 1 to 1.5 nm). 
The inelastic mean free path 𝜆 of electrons in condensed matter is generally very short 
(1 to 3 nm,
154
 see also Chapter 2.4), that means, XPS inherently is a highly surface sensitive 
technique. In angle-resolved XPS (ARXPS), a variation of the angle 𝜗 between the sample’s 
surface normal and the electron analyzer (commonly by rotation of the sample) can lead to 
considerable changes in 𝐼𝐷:  
𝐼𝐷(𝜗)  =  3𝜆 ∙ cos 𝜗      (2) 
Changing the detection (or emission) angle from normal emission (0°, bulk sensitive) 
to grazing emission (80°, surface sensitive) causes a decrease in 𝐼𝐷 from typically 7 to 9 nm 
for 𝜗 = 0° to about 1 to 1.5 nm for 𝜗 = 80°, that is, the experiment at 80° emission is about 
six times more surface sensitive, and mainly the topmost surface layer is probed. 
As the count of photoelectrons is directly proportional to the intensity of the incident 
photon beam, a quantitative analysis of a sample’s chemical composition is possible.155 In ad-
 11 
dition to the identification of elements present within the sample (as shown in Figure 4), it is 
also possible to obtain information on the chemical and physical environment of an element 
by looking at relative chemical shifts of 𝐸𝑏 .  Figure 5 shows the spectrum of F 1s 
photoelectrons of a mixed thin film of two ILs, [C8C1Im][Tf2N] and [C8C1Im][PF6].
104
 Within 
this film, the different chemical environments of the F atoms in the two different anions result 
in distinct binding energies of the respective F 1s core levels. This allows for a direct quantita-
tive analysis of the relative amount of the respective anion. By variation of the detection angle 
of the photoelectrons (and thus 𝐼𝐷) it is further possible to quantify and compare for example 
the relative amount of [Tf2N]
–
 and [PF6]
–
 anions in the bulk (0° emission) and at the vacuum 
interface (80°) of the IL film. 
 
Figure 4: XP spectra of a) Ag(111) and b) [C1C1Im][Tf2N].  
The experiments in this thesis were performed using a two-chamber UHV system for 
preparation (sputtering, annealing, PVD of ILs and 2H-TPP, LEED, QMS) and analysis 
(ARXPS), with a base pressure of about 5 × 10-11 mbar. The ARXP spectra were acquired 
with a non-monochromated Al K𝛼 X-ray source (SPECS XR 50, 1486.6 eV, 240 W) and a 
hemispherical electron analyzer (VG SCIENTA R3000). All spectra were measured with a 
pass energy of 100 eV, which resulted in an overall energy resolution of ~0.9 eV. For more 
 12 
details, see Refs.
95, 100, 103, 156
 Peak fitting and background subtraction were done using 
CasaXPS V2.3.16Dev6. For the Ag 3d and Au 4f peaks, a Shirley background was 
subtracted,
157
 for N 1s on Au(111), F 1s and P 2p a two-point linear background, and for the 
C 1s region a three-point linear background. For the N 1s spectra on Ag(111), an additional 
background was subtracted to account for overlapping shake-up and plasmon satellites, and 
inelastically scattered electrons of the Ag 3d core levels;
158-161
 for further details, see 
Figure 6.
103
 The IL spectra were fitted with a Voigt profile (30% Lorentzian contribution). For 
fitting of the IL C 1s peaks, a constraint of FWHM(Chetero) = 1.11 ×  FWHM(Calkyl) was 
applied.
96, 106
 The atomic sensitivity factors (ASF) for the quantitative analysis are supplied in 
the Appendix. All binding energies were referenced to the Fermi edge, yielding 368.20 eV for 
the Ag 3d5/2 line and 83.85 eV for Au 4f7/2. The XP spectra of the macroscopic IL films were 
referenced to the binding energy of either Calkyl at 285.0 eV or of Chetero at 287.0 eV if the IL 
did not contain any Calkyl.
103-105
  
 
Figure 5: F 1s core level spectra from ARXPS at 0° (bulk sensitive) and 80° (surface 
sensitive) emission angles of a mixed thin film of two ILs, [C8C1Im][Tf2N] and 
[C8C1Im][PF6]. By quantification of the peak areas it is possible to determine the ratio of 
[Tf2N]
–
 anions to [PF6]
–
 anions in the bulk and at the vacuum interface. Spectra adapted 
from Ref 
104
 under license CC BY 4.0. 
Time-dependent ARXPS measurements for the investigation of temporal changes of 
film morphology were started immediately after the deposition of the respective IL. Because 
the sample needed to be transferred from the preparation chamber to the analysis chamber of 
our UHV system between IL deposition and XPS measurement, the first data point could be 
obtained approximately 4 min after ending the IL deposition. The acquisition time for the 
Ag 3d region was approximately 2 min. The time values given in the corresponding figures 
represent the start of each measurement.
103
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For temperature-programmed XPS (TP-XPS), the sample was heated continuously 
during the measurements at a rate of 2 K/min. The acquisition time for F 1s spectra ranged 
from 2 to 5 min, for C 1s spectra from 5 to 10 min and for Ag 3d spectra from 1 to 2 min.
84, 
104-105
 
 
Figure 6: N 1s signal in 0° emission of 2.8 nm of [C8C1Im][Tf2N] on Ag(111). The peak at 
higher binding energy corresponds to the two N atoms in the cationic imidazolium ring and 
the peak at lower binding energy to the single N atom in the anion. The peaks overlap 
strongly with satellites of the Ag 3d line of the substrate. A least-squares fit of the N 1s peaks 
together with the satellites was used to deal with the complicated background. The lower 
spectrum shows the IL-related N 1s spectrum after subtraction of the substrate contributions 
of the spectra. Reproduced from 
103
 under license CC BY-NC 3.0 – Published by the PCCP 
Owner Societies. 
2.3 Physical Vapor Deposition of ILs and Porphyrins 
Since 2008,
93
 in vacuo physical vapor deposition (PVD) of ultrathin IL films combined with 
ARXPS was gradually established as a potent method for molecular-level investigations of 
IL/solid interactions, wetting behavior and IL film growth in the coverage range from less 
than a monolayer to several multilayers.
10, 39, 44, 84, 93-98, 100, 102-105, 110, 144, 162-163
 By deposition of 
ultra-thin films of only a few molecular layers (and less), it is possible to monitor the IL/solid 
interface with XPS through the IL film, despite the highly surface sensitive nature of XPS.
11
 
For the measurements on the ultrathin layers, well-defined amounts of the different 
ILs were deposited via PVD using two effusion cells dedicated to IL deposition.
104
 Figure 7 
 14 
shows a sketch of the effusion cell which was developed and optimized in this work. The 
complete technical drawings are provided in the Appendix. This evaporator setup was used 
for ILs as well as for 2H-TPP. The flux was checked using a quartz crystal microbalance 
(QCM) to ensure stable and reproducible evaporation rates. This QCM can be rotated in and 
out between the sample and the effusion cells. To remove volatile impurities, the compounds 
were thoroughly degassed in UHV for more than 24 hours at evaporator temperatures between 
370 and 500 K. The evaporation temperatures ranged from 370 to 460 K for the ILs and from 
570 to 600 K for 2H-TPP. During deposition, the chamber background pressure was typically 
around 1 × 10-9 mbar. With the exception of dialkylimidazolium halides,164-165 most other 
alkylimidazolium ILs evaporate intact in the form of neutral ion pairs.
93-94, 102-105, 110, 145-146, 165-
170
 In the present work, the XP spectra of the thin films from PVD were compared to spectra 
of macroscopically thick IL films prepared ex-situ, and no indications of decomposition were 
observed for the films prepared by PVD.
84, 103-105
  
 
Figure 7: Sketch of the heating cartridge for the effusion cell developed by our group specifi-
cally for the evaporation of ILs in UHV. The water-cooled body was acquired from tectra 
GmbH. A graphite or boron nitride crucible (purchased from Kurt J. Lesker Co.) sits in a cop-
per cylinder which is heated by a tantalum filament (∅ = 0.25 mm). This filament winds 
through six ceramic twin tubes (∅ = 2 mm) which are distributed equidistantly in wall bores 
of the copper cylinder. A copper ring holds the crucible in place. A type K thermocouple 
(∅ = 0.125 mm) is contacted to the bottom of the crucible to ensure a stable and accurate tem-
perature reading. Note that the wall bores for the filaments do not go all the way through. In 
this way, the setup quite effectively prevents ILs (which tend to creep out of the crucible) 
from direct contact with the hot filaments, which would cause decomposition of the ions and 
possible contaminations on the target. Adapted from 
105
 under license CC BY-NC 3.0 – 
Published by the PCCP Owner Societies.The complete technical drawings are provided in the 
Appendix. 
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For the study of ultrathin IL films, X-ray beam damage can play a crucial role.
84, 94
 In 
order to avoid undesired effects due to high X-ray doses, each film for one deposition experi-
ment was prepared on a freshly cleaned Ag(111) surface after completely removing the pre-
vious film by sputtering and annealing.
84, 103-105
 
2.4 Monitoring Thin Film Growth with XPS 
The coverage and growth of IL and porphyrin films on Ag(111) and Au(111) was monitored 
through the changes in the XPS signal (Ag 3d and Au 4f, respectively) intensity of the crystal 
at emission angles of 𝜗 = 0° and 80° relative to the surface normal. For homogeneous two-
dimensional (2D) growth, the Ag 3d signal at an angle 𝜗 decreases from 𝐼0 , for the clean 
surface, to 𝐼𝑑, when a film of thickness 𝑑 is covering the surface, according to:
94, 103-105, 110, 171
 
𝐼𝑑
𝐼0
= 𝑒− 
𝑑
𝜆∙𝑐𝑜𝑠 𝜗      (3) 
𝜗 is the detection angle relative to the surface normal and 𝜆 the inelastic mean free 
path of the electrons, which depends on the kinetic energy of the respective core level 
electrons and the composition of the IL film.
155
 In the work presented here, values for 𝜆 were 
obtained by linear interpolation of 𝜆  values of previous studies of similar ILs on gold, 
graphene, mica, nickel and silicon oxide substrates at kinetic energies of the respective core 
levels between 630 and 1400 eV, see Figure 8.
93-94, 96, 98-99, 110
 Studies by Tanuma et al.
172
 
show that within this energy range 𝜆 indeed scales linearly with the kinetic energy. For Ag 3d 
electrons with a kinetic energy of around 1110 eV, 𝜆 is in that way approximated to 2.5 nm in 
IL films.
84, 103-105
 For Au 4f electrons (1400 eV) 𝜆  = 3.0 nm is used in agreement with 
literature.
84, 94, 101, 132, 173-174
 Because of the similarities in chemical composition and density, 
similar 𝜆 values are assumed for 2H-TPP.84 
For the sake of clarity, it should be noted that for ideal layer-by-layer growth (that 
means the full completion of a layer is achieved before a new layer starts to grow on top) the 
substrate signal should decrease in a section-wise linear fashion for each layer.
94, 103, 110, 171, 173
 
The statistics of the data presented here are, however, not good enough to unequivocally re-
solve such slope changes between adjacent straight sections. In order to detect deviations 
from 2D film growth, the mean film thickness d for a given deposition experiment was calcu-
lated from the experimental 𝐼𝑑/𝐼0 ratios at 𝜗 = 0°, that is, in the bulk-sensitive emission geo-
metry, according to Eq. (3).
84, 94, 103-105
 With the obtained d value, the expected attenuation at 
𝜗  = 80°, that is, in the surface-sensitive emission, was then calculated using the same 
equation. While agreement between the experimental data at 80° and the calculation at 80° in-
 16 
dicates 2D growth, 𝐼𝑑/𝐼0 ratios above the calculated curve indicate a three-dimensional (3D) 
morphology of the IL film;
171
 such behavior was observed for a number of systems.
84, 98-99, 101, 
103-105, 110
 
 
Figure 8: Literature values for 𝜆 of various core levels (kinetic energies, 𝐸𝑘𝑖𝑛, between 630 
and 1400 eV) in IL films
93-94, 96, 98-99, 110
 and interpolated value for Ag 3d electrons
103
 with a 
kinetic energy of around 1110 eV. 
Notably, in the present study the IL films of [C1C1Im][Tf2N] were found to change 
their morphology from an initial pronounced 3D topology towards 2D over time, as evidenced 
by a change of the 𝐼𝑑/𝐼0 ratio after IL deposition was stopped, see Chapter 3.2.
103
 Therefore, 
all values for mean film thickness d of [C1C1Im][Tf2N] denoted in this work were derived 
only after these changes leveled off, that is, when maximum attenuation of the support signals 
– and thus, a sort of final state – was reached; this was typically the case between 30 min and 
2 h after ending the IL deposition. 
2.5 Estimation of the IL Monolayer Height 
For the discussion of the growth behavior of the ILs, coverage is given in ML, where 1 ML is 
defined as a closed double layer of ions irrespective of their relative arrangement.
84, 93, 103-105, 
169
 The monolayer height ℎ is approximated as the cubic root of the molecular volume 𝑉𝑚 
based on mass density 𝜌 values of the IL from literature:94, 103-105, 110 
ℎ = √𝑉𝑚
3 = √
𝑀/𝑁𝐴
𝜌
3
     (4) 
with 𝑀  molar mass and 𝑁𝐴  Avogadro constant.
8
 According to this relation, ℎ  is 
0.73 nm for [C1C1Im][Tf2N], 0.84 nm for [C8C1Im][Tf2N] and 0.77 nm for [C8C1Im][PF6] 
using values for 𝑉𝑚 from literature.
8, 103-104
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Due to the ability to freely change substituents at the imidazolium head group, it is 
quite likely to come across an IL with a so far unexplored mass density. This is for example 
the case for [PFBMIm][PF6]. Additionally, this IL is solid at RT,
105
 meaning, that 𝜌 can be 
highly dependent on the conditions of solidification (cooling rate, crystallinity), which could 
make a reliable value for 𝜌  fairly difficult to achieve. The monolayer height ℎ  of 
[PFBMIm][PF6] can, however, be estimated by comparison to the values for the non-
fluorinated [CnC1Im][PF6] ILs (calculated from known mass densities), considering the in-
crease of 𝑉𝑚 upon exchange of hydrogen by fluorine.
175
 This estimation is based on a study by 
Morgado et al., who determined the molar volume 𝑣𝑚 of n-alkanes and n-perfluoroalkanes as 
a function of the number of carbon atoms in the molecule. According to their data, 𝑣𝑚 of the 
molecules increases in a nearly linear fashion by ≈16 cm3/mol per CH2 and upon insertion of 
CF2 by ≈24 cm
3
/mol.
175
 In good agreement to the alkanes, 𝑣𝑚  of [CnC1Im][PF6] and 
[CnC1Im][Tf2N] ILs, shown in Figure 9a, increases almost linearly by ≈17 cm
3
/mol for every 
CH2 unit added to the linear carbon chain substituent. Due to the good agreement, 𝑣𝑚  for 
[PFBMIm][PF6] can be estimated from this data. Starting from the 𝑣𝑚 of [C2C1Im][PF6] of 
169 cm
3
/mol, we extend the alkyl chain by two CF2 units adding 48 cm
3
/mol, which yields a 
𝑣𝑚 for [PFBMIm][PF6] of 217 cm
3
/mol. From this value, h of [PFBMIm][PF6] is calculated 
to 0.71 nm, which is, as expected, only slightly larger than h of [C4C1Im][PF6] of 0.70 nm
105
 
(Figure 9b) because the side chain is only a part of the larger ion pair.  
Porphyrin coverages are given in this work by the number of complete layers. This 
means, one monolayer corresponds to one saturated layer with all porphyrin molecules lying 
flat in direct contact with the metal surface.
84
 In some previous publications, the porphyrin 
coverage in ML was also defined as the number of porphyrin molecules per metal atom of the 
substrate. For 2H-TPP on Ag(111) and Au(111), one monolayer corresponds by this 
definition to a coverage of 0.037 ML.
176
 To avoid any confusion, the unit ML will not be used 
to denote porphyrin coverages in this work. Monolayer coverage of 2H-TPP on Ag(111) and 
Au(111) can be prepared by heating to 500 K (above the temperature of multilayer 
desorption,
84, 177
 see Chapter 3.3) after the deposition of multilayers of the porphyrin on the 
metal crystal. From the attenuation of the substrate XPS signal in 0° emission, the height of 
the monolayer of flat lying 2H-TPP molecules was calculated to 0.34 nm using  = 2.5 nm on 
Ag(111) and  = 3.0 nm on Au(111), respectively, as stated above.84 
Upon heating above 525 K, signs of dehydrogenation at the phenyl groups were 
reported for 2H-TPP molecules in contact with the Ag(111) surface.
178
 In this work, the 
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porphyrin layers were only heated to 500 K to avoid dehydrogenation at the molecule’s 
periphery. Di Santo et al. reported a shift to lower binding energy of the N 1s and C 1s signals 
and a change in the C 1s peak shape after heating to 550 K. Both were attributed to a change 
in the orientation of the phenyl groups of the 2H-TPP molecule relative to the metal surface 
upon dehydrogenation at the molecules periphery.
178
 In the present study, the spectra of 
monolayer 2H-TPP films showed no difference after heating to 500 K compared to films of 
similar thickness prepared by direct deposition.
84
 
 
Figure 9: Molar volumes 𝑣𝑚 (a) and corresponding estimates of monolayer height ℎ (b) of 
[CnC1Im][Tf2N] and [CnC1Im][PF6] ILs calculated from the ILs’ respective mass densities 𝜌. 
𝜌 of [Tf2N]
–
 ILs from Refs;
8, 109, 128, 147
 𝜌 of [PF6]
–
 ILs from Refs.
8, 128, 135, 147, 179-182
 For the 
estimation of ℎ of [PFBMIm][PF6], see the text. The values of ℎ are also provided in a table 
in the Appendix. 
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3. Results 
The main part of the results accumulated in this dissertation is published in a series of peer-
reviewed journal articles [P1-P4]. This chapter provides a summary of the individual results, 
finding common ground through the topical connections between all four studies and by 
further support of so far unpublished findings. For the detailed description of the individual 
results and the specific systems under investigation, the reader is referred to the corresponding 
publications [P1-P4] in the Appendix. 
3.1 Ionic Liquid Thin Film Growth on Metal Surfaces [P1, P2, P3, P4]  
Studying the interaction of ILs with solid supports was one major focus of this thesis, with the 
aim to understand fundamental aspects relevant for thin film applications such as SILP or 
SCILL catalysis.
11
 These aspects are in particular the structure and arrangement at the 
liquid/solid interface, the initial stages of thin film growth and ultimately the wetting behavior 
of thin IL films on the solid supports at room temperature (RT).
11, 64, 69, 73, 103
 Aside from the 
specific interaction of the molecules with the support, a good wettability of the IL film is a 
crucial requirement for the performance of the composite systems.
11, 28, 64
 While wetting of 
ILs has been studied quite extensively on the macroscopic and mesoscopic scale, mostly by 
contact angle measurements and atomic force microscopy (AFM),
10, 64, 118, 183-195
 only a few 
studies are available on the molecular scale.
10, 93-94, 96, 98-99, 101, 110, 132, 138, 146, 196-197
 
The growth was characterized by measuring the attenuation of the core level intensity 
of the supporting crystal upon varying the coverage of the IL. Four model ILs, 
[C1C1Im][Tf2N], [C8C1Im][Tf2N], [C8C1Im][PF6] and [PFBMIm][PF6] (see Table 1) were 
studied on the Ag(111) and Au(111) surfaces by quantitative ARXPS. The main differences 
between the selected ILs are the different length and chemical composition of the alkyl chain 
at the imidazolium head group and the nature of the counter ion. 
Figure 10 shows the attenuation of the Ag 3d signal of the supporting Ag(111) crystal 
as a function of IL film thickness for [C8C1Im][Tf2N]. Up to 0.5 ML, the good agreement of 
the 80° data to the corresponding curve calculated for 2D growth (dashed line) indicates the 
formation of a closed molecular layer at the IL/Ag(111) interface where both, cations and 
anions, adsorb in a checkerboard arrangement, that is, within this wetting layer (WL), both 
ions are in contact with the metal surface.
103
 Upon increasing the film thickness, the 80° data 
systematically falls above the 2D curve, indicating the formation of 3D islands on top of 
the WL.
103
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For coverages of [C8C1Im][Tf2N] below 0.5 ML (which is less than the WL), the 
[C8C1Im]
+
 cation was found to adsorb in a flat geometry on Ag(111) at RT, with both, the 
imidazolium head group as well as the octyl chain, in contact with the metal surface. 
Approaching 0.5 ML, i.e. one closed molecular layer, the octyl chains gradually detach from 
the metal surface and orient towards the vacuum.
103
 This behavior was previously observed 
by Cremer et al. for [C8C1Im][Tf2N] on Au(111),
94
 and it also occurs for [C8C1Im][PF6] on 
Ag(111) and Au(111).
84
 The driving force behind this molecular rearrangement approaching 
0.5 ML coverage is most likely related to the fact that it allows for a tighter packing of the 
ions within the WL at the interface.
94, 103
 Although it implies that the cations’ individual 
adsorption energy is lowered by the (missing) contribution of attractive van der Waals 
interactions of the alkyl chains with the metal surface, it likely creates an energetic net benefit 
by reducing the average lateral distance between the adsorbed ionic head groups and further 
by freeing up more adsorption sites at the interface to adsorb further IL ion pairs in direct 
contact with the metal.
84
 
 
Figure 10: Attenuation of the Ag 3d intensity in 0° and 80° emission as a function of the film 
thickness d of the IL [C8C1Im][Tf2N] on Ag(111) at RT. The curves for 2D growth are cal-
culated from Eq. (3) with an inelastic mean free path 𝜆 of 2.5 nm and the corresponding de-
tection angles. Adapted from 
103 
under license CC BY-NC 3.0 – Published by the PCCP 
Owner Societies. 
Independent of the length of the alkyl substituents at the imidazolium cation, the 
[Tf2N]
–
 anion was found to adsorb on Ag(111) in a cis conformation with an upright 
orientation, that is, with the oxygen atoms pointing towards the metal and the CF3 groups 
away from the surface.
103-104
 This geometry of the [Tf2N]
–
 anion was observed previously for 
several ILs with [Tf2N]
–
 as anion by ARXPS on Au(111)
94, 96
 and by scanning tunneling 
microscopy (STM) on Ag(111)
145, 198
 and Au(111),
96, 145, 198
 and other surfaces.
97, 99, 162, 199-201
 
Notably, this preferential orientation of the [Tf2N]
–
 anion is found at RT
94, 96, 99, 103-104, 199-201
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and also at temperatures around 100 K.
94, 96, 104, 145, 162
 Preferential orientation of the anion at 
the IL/metal interface was also reported for [C2C1Im][TfO] on Pd(111)
202-204
 and on Co-
covered Pd(111),
205
 such that the SO3 group points towards the metal and the CF3 group away 
from the surface.  
Table 2 provides an overview over a range of molecular-level studies that deal with 
the initial stages of thin film growth and the structure at IL/metal interfaces. The formation of 
a 2D WL with a checkerboard arrangement of (on average) alternating anions and cations is 
with overwhelming consistency the result of the majority of the molecular-level studies of 
IL/solid interfaces.
84, 92-94, 96-99, 101, 103-105, 132, 144-145, 174, 186, 198, 202-203, 206-207
 One exception is the 
growth of [C1C1Im][Tf2N] on Ni(111) at 220 K, where for coverages below 0.5 ML the ions 
were reported to adsorb in a sandwich-type arrangement, where initially only the [C1C1Im]
+
 
cation is in contact with the Ni(111) surface and the [Tf2N]
–
 anion sitting on top of the 
cation.
110
 
Table 2: Overview over selected molecular-level studies of IL thin film growth and structure 
at IL/metal interfaces. The entries shaded in gray were studied in this work. 
Ionic Liquid Surface WL Multilayer Remarks
a
 Ref. 
[C1C1Im][Tf2N] Ag(111) Yes 3D ARXPS for sub-monolayer to multilayers at 
RT. Time-dependent changes of film 
morphology at RT.  
103
 
 Au(111) Yes 2D ARXPS for sub-monolayer to multilayers at 
RT. 
94
 
 Ni(111) Yes 3D ARXPS for sub-monolayer to multilayers at 
220 K. Sandwich arrangement of ion pairs in 
WL.  
110
 
[C2C1Im][Tf2N] Ag(111), 
Au(111) 
Yes - STM for sub-monolayer coverage at < 120 K. 
145
 
 Au(110) Yes 3D STM at 128 K, LEED and UPS at RT, surface 
reconstruction upon IL adsorption. Time-
dependent changes of film morphology at RT. 
146
 
 Ni(111) Yes - TOF-SIMS at 150 to 280 K. 
92
 
[C4C1Im][Tf2N] Au film 
on mica 
Yes 3D Pulsed-valve deposition. XPS and ex-situ 
AFM at RT. 
207
 
[C8C1Im][Tf2N] Ag(111) Yes 3D STM for sub-monolayer coverage at < 120 K, 
ARXPS for sub-monolayer to multilayers at 
RT. Interaction with co-adsorbed 
[C8C1Im][PF6]. 
103, 145
 
 Au(111) Yes 2D STM for sub-monolayer coverage at < 120 K 
and RT. ARXPS for sub-monolayer to 
multilayers at RT, study of beam damage. 
94, 102, 
132, 145
 
 Cu(100) Yes - STM for WL coverage and XPS for sub-
monolayer to multilayers at RT. STM showed 
no clear order in the WL at RT. 
102
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Table 2 continued. 
Ionic Liquid Surface WL Multilayer Remarks
a
 Ref. 
[C8C1Im]Cl Au(111) Yes 3D ESI deposition. ARXPS for sub-monolayer 
to multilayers and ex-situ AFM on 
multilayers at RT. 
132
 
[C8C1Im][PF6] Ag(111), 
Au(111) 
Yes 3D ARXPS for sub-monolayer to multilayers at 
RT and < 90 K. Interaction with co-adsorbed 
porphyrin layer, [C8C1Im][Tf2N] and 
[PFBMIm][PF6]. 
84, 104-105
 
[C4C1Im][BF4] Pt on 
Al2O3 
Yes 2D Nano-inkjet printing. AFM at RT indicates 
2D growth up to 4 nm. 
208
 
[C8C1Im][BF4] Cu(111) Yes 3D XPS and UPS at 120 K and RT. The film 
morphology changes upon heating to RT 
after deposition at 120 K. 
138
 
[PFBMIm][PF6] Ag(111) Yes 3D ARXPS for sub-monolayer to multilayers at 
RT. Interaction with co-adsorbed 
[C8C1Im][PF6]. 
105
 
[C2C1Im][TfO] Au(111) Yes 3D ARXPS for sub-monolayer to multilayers at 
RT. Growth is closer to 2D on partially Pd-
covered Au(111). 
101
 
 Pd(111) Yes - IRAS on WL and multilayers. At 220 K, 
checkerboard arrangement in first layer. 
Strong interaction of the anion with the 
metal influences multilayer structure. 
202-203
 
[C4C1Pyrr][Tf2N] Ag(111) Yes - STM for sub-monolayer coverage at 
< 120 K. 
198
 
 Au(111) Yes 2D STM for sub-monolayer coverage at 
< 120 K. ARXPS for sub-monolayer to 
multilayers at RT. 
96, 198
 
 Cu(111) Yes - STM for sub-monolayer coverage at 100 K 
and RT. 
97
 
[C4C1Pyrr][FAP] Au(111) Yes - STM for sub-monolayer coverage at 210 K 
and RT. Not clear, whether checkerboard or 
sandwich arrangement in WL. 
206
 
a: IL films prepared by PVD, if not indicated otherwise. 
On top of the initially formed homogeneous WL, i.e. for coverages above 0.5 ML, all 
ILs studied within this thesis show more or less pronounced island growth on Ag(111) and 
Au(111),
84, 103-105
 as schematically depicted in Figure 11. This Stranski-Krastanov-like 
growth
209
 (or pseudo partial wetting
210
) again appears to be a quite common observation for 
molecular level studies of ILs on metals,
84, 101, 103-105, 110, 132, 138, 174, 207
 see Table 2, and also on 
various other surfaces.
89, 93, 98-99, 110, 186, 196, 199
 Studies on the mesoscopic scale also commonly 
report the formation of a 2D WL and subsequent droplet formation of ILs on a wide range of 
surfaces.
184-185, 187-193, 211
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For [C8C1Im][PF6], the initial stages of film growth were studied on the bare 
Ag(111)
84, 105
 and Au(111)
84
 surfaces, and also after pre-adsorption of one closed layer of 2H-
TPP on these two surfaces.
84
 Just as on pristine Ag(111)
84, 104
 and Au(111),
84
 [C8C1Im][PF6] 
forms a closed WL on top of the porphyrin layer. At IL coverages above 0.5 ML, again the 
formation of 3D islands on top of the WL is observed. The 3D island growth appears more 
pronounced on the 2H-TPP layer as compared to the pristine metal surfaces.
84
 
 
Figure 11: Scheme of the initial stages of IL film growth observed on Ag(111).
103-105
 Initially, 
formation of a 2D WL, followed by 3D droplets on top. Adapted from 
103
 under license CC 
BY-NC 3.0 – Published by the PCCP Owner Societies. 
On the molecular scale, the occurrence of 3D growth on top of the initial WL hints at 
two things. For one, the adsorption of the ions at the metal interface is stronger than the 
interaction of the ions within the IL film, and two, the structure that is forced on the IL within 
a 2D film arrangement could be energetically less favored compared to the more relaxed 
structure within the IL droplets that form on top of the WL – despite imposing a higher 
surface area. Terms like “structure” and “strain” commonly used for the description of 
nucleation and growth of thin films,
212-216
 however, appear somewhat unsuitable for the 
description of IL thin film growth at RT because of the highly mobile, liquid nature of the IL 
systems (see also Chapters 3.2 and 3.5). A more suitable concept could focus on the ionic 
nature of these films, that is, the precise structure within the multilayers is less important 
compared to the energetic benefits that can arise from a higher average coordination of ions 
with counter ions within a 3D island as compared to a 2D layered film. In the system of 3D IL 
droplets in equilibrium with a 2D molecular film wetting the entire metal surface, the IL WL 
forms due to a strongly stabilizing interaction of the metal surface (as deduced from higher 
desorption temperatures of the WL compared to multilayers, see Chapter 3.4), by formation of 
image dipoles within the metal and possible (partial) charge transfer.
169, 217
 This point of view 
is in overall agreement with more conventional molecular scale interpretations of growth 
behavior in metal-organic heteroepitaxy.
218-219
 
On the mesoscale, the concept of pseudo partial wetting for nonvolatile liquids is well 
known. Already in 1991, de Gennes et al.
210
 published a model based on the liquid’s surface 
tension, able to explain this wetting behavior for certain values of two parameters: Hamaker 
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constant 𝐴 and spreading coefficient 𝑆. It remains to be shown, however, whether this model 
can be applied to ILs due to the limitations of this model considering long-range inter-
actions
210
 and the obvious Coulomb contributions to the intermolecular forces of ILs. 
In conclusion, the entirety of data currently available already allows for the derivation 
of certain structure-property relationships. And while the formation of a closed WL on metal 
surfaces appears to be one general similarity for ILs, the intermolecular structure and 
molecular orientation at the interfaces seems to be determined predominantly by the com-
position of the IL and less by the nature of the substrate. In the present state, there is still need 
of further data on a wider range of systems to allow for a clear correlation of film 
morphologies in the later stages of thin film growth. 
3.2 Time-Dependent Changes in the Growth of IL Films [P1] 
Upon deposition of multilayers of [C1C1Im][Tf2N] on Ag(111) at RT, a time-dependent 
behavior of the IL film is observed.
103
 Figure 12 shows the temporal evolution of the XPS 
signal intensity of the Ag support after IL deposition. The intensity ratio 𝐼𝑑/𝐼0 of the Ag 3d 
signals is plotted versus the time after ending the deposition of IL, for nominal (that means 
final) film thicknesses of a) 1.5 nm and b) 3.2 nm. On the timescale of several tens of 
minutes, a considerable decrease in intensity occurs, which is interpreted as a time-dependent 
change of the film morphology (schematically shown in Figure 13a) before a plateau is 
reached. 
 
Figure 12: Temporal evolution of the Ag 3d signal intensity in 0° and 80° emission from time-
dependent ARXPS of films of [C1C1Im][Tf2N] and [C8C1Im][Tf2N], respectively, after ending 
the IL deposition of equivalents of a) 1.5 nm and b) 3.2 nm on Ag(111) at RT. Adapted 
from 
103
 under license CC BY-NC 3.0 – Published by the PCCP Owner Societies. 
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The time-dependent measurements of [C1C1Im][Tf2N] in Figure 12 indicate that ini-
tially large 3D IL islands (droplets) form on a very fast timescale, that is, much faster than the 
time needed for an XPS scan (which takes typically several minutes). These droplets then 
spread over time into a nearly 2D film on a much slower timescale in the order of hours. 
Complementary time-dependent measurements in the C 1s and N 1s regions after the 
deposition of [C1C1Im][Tf2N]
103
 (not shown here) show an increase in the intensity of the IL-
related peaks, which goes along with the decrease of the Ag 3d intensity as the IL droplets 
spread, further supporting the proposed morphology changes.
103
 
 
Figure 13: Scheme of the time-dependent behavior after the deposition of multilayers of 
a) [C1C1Im][Tf2N] and b) [C8C1Im][Tf2N] on Ag(111) at RT. Adapted in part from 
103
 under 
license CC BY-NC 3.0 – Published by the PCCP Owner Societies. 
Figure 12 also shows the temporal evolution of the Ag 3d signal after the deposition of 
[C8C1Im][Tf2N] films of similar thickness on Ag(111), that is, an IL structurally similar to 
[C1C1Im][Tf2N], but with an octyl chain instead of one of the methyl groups, see Table 1. As 
depicted schematically in Figure 13b, no changes in the morphology of the [C8C1Im][Tf2N] 
films are derived from the fairly constant course of the support intensity over time in 
Figure 12. Similar values for the intensity ratio 𝐼𝑑/𝐼0 in 0° and 80° emission near the end of 
the experiments indicate that the final structure of the [C1C1Im][Tf2N] films is very similar to 
the one formed for [C8C1Im][Tf2N] from the very beginning.
94, 103
 
The initial formation of comparably high 3D [C1C1Im][Tf2N] islands on top of the 
closed wetting layer and the subsequent time-dependent transformation to nearly flat films 
indicate the existence of two very different timescales. The formation of stable 2D islands on 
the WL from individual ion pairs obviously does not occur on the same time scale as 3D 
growth. Otherwise, the nearly flat film morphology as final state should evolve from the very 
beginning.
103
 A general observation is that individual IL ion pairs are very mobile on metal 
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surfaces at RT.
96-97, 102-103, 145-146, 198
 We assume that statistically formed small 2D islands very 
quickly disintegrate due to the lack of stabilization by neighboring ions, leading to a low 
density of stable 2D islands, which would promote further 2D growth. At the same time, 
existing larger islands appear more stable and quickly grow into large 3D droplets. Within 
these droplets, the ions could benefit from a higher average coordination with counter ions 
compared to a 2D layer. After ending the deposition, the slow transformation (on the 
timescale of hours) towards a flat morphology is observed experimentally, as ripening and 
coalescence seem to occur. This behavior indicates that extended regions of rather flat layer-
by-layer arrangements are thermodynamically more stable than pronounced 3D islands. The 
initial formation of the 3D islands is thus understood as a kinetic stabilization. Possible 
reasons for the slow timescale of the transformation towards a less 3D morphology could be a 
high activation barrier for the emission of an ion pair from the 3D island to the uncovered WL 
or successive flat layers, or the above mentioned low probability for forming stable 2D 
nuclei.
103
 In contrast to previous assumptions,
103
 more recent measurements indicated also an 
influence of the X-ray exposure during measurement on the time-dependent behavior of 
[C1C1Im][Tf2N] on Ag(111). For details see the Appendix. 
As time-dependent changes have previously also been found for [C2C1Im][Tf2N] on 
Au(110),
146
 it is proposed as a general conclusion that the observed behavior strongly depends 
on the molecular structure, which concerns in this case the alkyl substituents at the cationic 
imidazolium head group.
103
 The different behavior observed for [C8C1Im][Tf2N] is attributed 
to a stabilization of IL ion pairs on the WL (or successive flat layers) by the octyl chains; it 
has been reported that the dispersive attraction between the alkyl chains of [C8C1Im][Tf2N] 
can be as large as 20 % of the Coulomb interaction between the ionic components.
128, 166
 A 
similar interaction is also expected with the underlying IL layers. This stabilization could on 
the one hand make the initial formation of 3D islands less favorable and on the other hand 
lead to a higher probability for the formation of 2D islands from IL ion pairs that are emitted 
from 3D islands; in addition, the octyl chain might also lead to a lower activation barrier for 
the detachment of IL ion pairs from 3D islands.
103
 The fact that the same slow IL-spreading 
behavior is found for Ag(111)
103
 and for the reconstructed Au(110)
146
 surface is taken as 
strong indication that a pronounced influence of metal surface reconstruction on this process 
can be excluded.
103
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3.3 Growth and Desorption of 2H-TPP on Ag(111) and Au(111) [P4] 
In this chapter, we take a closer look on the growth behavior of 2H-TPP on Ag(111) and 
Au(111). The structure of multilayer porphyrins is of utmost importance for applications in 
organic electronic devices,
220-221
 as parameters like charge carrier mobility and device 
efficiency strongly depend on the molecular arrangement and orientation.
221-225
 Up to a 
coverage of a monolayer, the growth and structure of 2H-TPP on Ag(111)
176, 219, 226-227
 and 
Au(111)
227-229
 is well-studied. Information on porphyrin multilayers on metal substrates – in 
general – is, however, scarce.221, 230-235 To investigate the growth of 2H-TPP from sub-
monolayer to multilayer coverages, increasing amounts of 2H-TPP were deposited on 
Ag(111) and Au(111). By monitoring the attenuation of the ARXPS signal intensity of the 
supporting metals (Ag 3d and Au 4f) as a function of the porphyrin coverage, we observe a 
very similar behavior on the two surfaces, for deposition at RT (between 295 and 315 K) and 
at low temperature (between 80 and 85 K). In each case, the experimental data exactly follows 
the prediction for 2D growth up to two monolayers, that is, an average thickness of ~0.68 nm, 
which indicates the formation of two homogeneous closed layers of flat lying porphyrin 
molecules as sketched in Figure 14. Up to monolayer coverage, self-assembly of 2H-TPP into 
extended, ordered 2D networks on Ag(111) and Au(111) has been reported previously at RT 
and also below 100 K.
148, 219, 226-229, 236
 While isolated 2H-TPP molecules are considered 
highly mobile on both metal surfaces at 300 K,
227
 the formation of ordered 2D networks is 
driven by a relatively strong molecule-molecule interaction.
85, 148, 177-178, 219, 227-229, 236-242
  
 
Figure 14: Scheme of the initial stages of 2H-TPP film growth on Ag(111) at temperatures be-
tween 80 and 315 K. The growth behavior on Au(111) is identical.
84
 
For coverages above two monolayers, the 80° data of the support signal from ARXPS 
falls systematically above the prediction for 2D growth, which is indicative of 3D island 
growth.
84
 Pronounced 3D growth on top of two closed molecular layers is denoted as 
Stranski-Krastanov-like growth.
171, 209, 243
 Similar growth was observed previously for Cu-Pc 
on Cu(111)
234
 and for other large π-conjugated molecules on Ag(111) and Au(111).244-247 The 
formation of relaxed 3D crystallites on top of initial adlayers is likely thermodynamically 
favored, because it lowers the contact area to the strained initial 2D adlayers below,
245
 which 
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benefit from a strong adsorption of the molecules on the metal. Comparing bulk structures of 
2H-TPP from crystallography
142-143
 to the structure of a 2H-TPP monolayer at the Ag(111) 
and Au(111) interfaces
229, 236-237, 239
 reveals not only different molecular conformations, but 
generally very different supermolecular arrangements
84, 221
 which in turn determine the 
intermolecular interactions.
84, 142-143, 229, 236-237, 239
  
The thermal stability of 2H-TPP multilayers on the two metal surfaces was monitored 
through the thermal evolution of the porphyrin-related C 1s signal and the respective core 
level (Ag 3d or Au 4f) of the supporting metal at 0° emission during heating of 2H-TPP 
multilayer films from RT to 540 K. On both surfaces, multilayer desorption of 2H-TPP occurs 
at 450 K.
84
 From a Leading-Edge type analysis
169, 248
 of the data, we obtain an activation 
energy EA for multilayer desorption of 193 kJ/mol (±22 kJ/mol).
84
 In agreement with a 
previous temperature-programmed desorption (TPD) study of 2H-TPP on Ag(111),
177
 no 
further changes in the C 1s signal intensity are observed upon heating to 540 K after the 
desorption of the multilayers.
84
 
Contrasting earlier assumptions,
82, 177-178, 221
 it was reported later on that partial 
dehydrogenation of porphyrin monolayers on Ag(111) can occur upon heating to temperatures 
above 525 K.
82, 177-178
 In the case of 2H-TPP on Ag(111), heating to 550 K causes a shift of 
the porphyrin-related N 1s and C 1s signals to lower binding energy and a change in the C 1s 
peak shape, as result of a change in the orientation of the phenyl groups of 2H-TPP relative to 
the metal surface upon dehydrogenation at the molecule’s periphery.178 The spectra of 
monolayer 2H-TPP films prepared in the present work showed no difference after heating to 
500 K compared to films of similar thickness prepared by direct deposition. The residual C 1s 
intensity and the remaining attenuation of the support signals (Ag 3d or Au 4f, respectively) 
after multilayer desorption further indicate that the remaining closed layer of 2H-TPP remains 
intact.
84
 
3.4 Desorption of ILs from Metal Surfaces [P2, P3, P4] 
While many ILs exhibit high thermal stability and despite their commonly very low vapor 
pressures at RT, desorption can play a pivotal role for thin film applications at high 
temperature. Due to the finite thickness of the IL film, maximum reaction temperatures of 
SCILL systems, for example, are thus understandably limited i.a. by the stability of the IL 
film.
11
 Within this work, the desorption of ILs from Ag(111) and Au(111) was studied by 
means of TP-XPS.
84, 104-105
 The results of these experiments are summarized in Table 3, 
supported by further information from literature. The plot of signal intensities from TP-XPS 
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in Figure 15 shows on the example of [C1C1Im][Tf2N], [C8C1Im][Tf2N]
104
 and [C8C1Im][PF6] 
on Ag(111)
104-105
 how IL films desorb in two steps. The multilayers desorb first, followed by 
the desorption of the WL, which indicates that the ions in contact with the metal surface are 
bound more strongly than in the multilayer. 
 
Figure 15: Thermal evolution of F 1s (FTf2N (green), FPF6 (blue)) and Ag 3d signal intensities 
at 0° emission from TP-XPS upon heating films of a) [C1C1Im][Tf2N], b) [C8C1Im][Tf2N],
104
 
and c) [C8C1Im][PF6]
104-105
 on Ag(111). Heating rate: 2 K/min. The vertical arrows indicate 
the rate maxima of multilayer and WL desorption, respectively. The horizontal dashed lines 
indicate the intensity of the WL as obtained upon adsorption at RT (for details see text). 
Comparing the desorption temperatures of the ILs [C8C1Im][Tf2N]
104
 and 
[C8C1Im][PF6]
84, 104-105
 on Ag(111) in Figure 15b and 15c, we note differences in the thermal 
stability based on the differences in the molecular composition of the IL, more specifically, 
the nature of the anion, such that both, multilayers as well as the WL of [C8C1Im][PF6] on 
Ag(111), desorb at higher temperatures than for [C8C1Im][Tf2N] on Ag(111).
104
 The higher 
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temperature for multilayer desorption, where the interaction with the underlying metal plays a 
negligible role, agrees well with literature values for enthalpy of vaporization ΔHvap and vapor 
pressure psat, see Table 3, as [C8C1Im][PF6] has a higher ΔHvap
166
 and accordingly also a lower 
psat
249
 than [C8C1Im][Tf2N]. For the WL on Ag(111), the lower desorption temperature of 
[C8C1Im][Tf2N] compared to [C8C1Im][PF6] indicates a stronger adsorption of the latter on 
the metal surface which likely results from the smaller size of the anion and thus a more 
localized charge which might induce a stronger image dipole within the metal. 
Multilayers and the WL of [C8C1Im][PF6], respectively, desorb at similar temperatures 
on Ag(111) as on Au(111). The similar desorption temperatures of the WL indicate similar 
adsorption energies of this IL on both metals.
84
 
It was established previously that ΔHvap of homologues of imidazolium-based 
[CnC1Im]X ILs (with X: [Tf2N], [TfO], [BF4]) increases linearly with the number of C atoms 
in the alkyl chain (for n = 2 to 10).
249-251
 While for short lengths of the alkyl chain (below four 
C atoms), the vapor pressure does not appear to follow this trend exactly,
249, 251-252
 and 
although no literature data is available for n = 1, it seems therefore reasonable that multilayers 
of [C1C1Im][Tf2N] desorb at a lower temperature of 345 K than multilayers of 
[C8C1Im][Tf2N], which desorb at 365 K, as shown in Figure 15. Similar desorption 
temperatures of the respective WL of the two ILs on Ag(111) indicate that the length of the 
side chain at the cationic imidazolium headgroup has a relatively small influence on the 
adsorption energy of the IL. 
Notably, the residual F 1s intensity of the [C8C1Im][Tf2N] WL on Ag(111) after 
multilayer desorption at 405 K in Figure 15 is about 30% lower than for a WL obtained from 
direct deposition at RT (as indicated by the horizontal dashed line). This indicates a lower 
coverage. A similar behavior is also observed for [C8C1Im][PF6] on Ag(111) and Au(111). 
For [C1C1Im][Tf2N] on Ag(111), in contrast, the residual F 1s intensity of the WL after 
multilayer desorption matches exactly that of a WL from direct deposition. As described in 
Chapter 3.1, the alkyl chains gradually detach and point away from the surface upon 
approaching WL coverage during the initial stages of film growth. It seems possible that the 
alkyl chains in the (high temperature) WL assume a flat lying geometry on the Ag(111) 
surface after multilayer desorption. A lower coverage could then be the consequence of the 
larger spatial requirement of the [C8C1Im]
+
 cation in this adsorption geometry. This would 
also explain why [C1C1Im][Tf2N] shows identical F 1s intensities in the WL after multilayer 
desorption and after direct WL deposition, because it lacks such an alkyl chain substituent. 
  
3
1
 
Table 3: Desorption temperatures Tdes of selected ILs on metal surfaces in comparison to values for activation energy of multilayer desorption Ea, 
enthalpy of vaporization ΔHvap at 298 K and vapor pressure psat at 423 K (errors in the least significant figure in round brackets). β: Heating rate of 
the desorption experiment. The entries shaded in gray were subject of the experimental part of this thesis. 
Ionic Liquid Surface 
Tdes / K 
(WL) 
Tdes / K 
(Multilayer) 
β / 
K/min 
Ea / kJ/mol 
(Multilayer) 
ΔHvap / 
kJ/mol
 
psat / 
µPa 
Remarks Ref. 
[C1C1Im][Tf2N] Ag(111) 425 345 2 
118
b 
- - 
TP-XPS. a 
 Ni(111) < 400 < 400 - IL desorbs entirely upon heating to 400 K. 
110
 
[C2C1Im][Tf2N] Au(111) 380-500 380 30 118(2)
166 
126
169
 
134(2)
166
 
137(5)
169
 
1280
249
 
TPD; broad range for WL desorption. 
169
 
 Au(110) > 520 ~370 10 TP-UPS; IL covered Au(110) surface undergoes recon-
struction from 1x1 to 1x3 upon heating > 490 K. 
146
 
[C8C1Im][Tf2N] Ag(111) 425 365 2 
126
b
 
131(2)
166
 
149(2)
166
 380
249
 
TP-XPS; WL desorption shifts to < 370 K after 
replacement by [C8C1Im][PF6] at Ag(111) surface. 
104
 
 Au(111) > 400 < 400 - Multilayers desorb upon heating to 400 K for 10 min 
while the WL remains. 
102
 
 Cu(100) > 400 < 400 - Multilayers desorb upon heating to 400 K for 10 min 
while the WL remains. XPS indicates stronger interaction 
of IL WL with Cu(100) than Au(111). 
102
 
[C8C1Im][PF6] Ag(111) 445 405 2 139
b
 
143(4)
166 
167(18)
84
 
169(4)
166
 8
249
 
TP-XPS; WL desorption shifts to < 420 K on 2H-TPP-
covered Ag(111). 
84, 104-105
 
 Au(111) 445 405 2 TP-XPS; WL desorption shifts to < 420 K on 2H-TPP-
covered Au(111). 
84
 
[C8C1Im][BF4] Au(111) > 400 > 400 30 
137(3)
166
 
157
137
 
162(3)
166 12
249 
TPD; same temperature for multilayer and WL desorption. 
253-254
 
 Cu(111) > 460 420 - TP-XPS; decomposition of WL before desorption is sug-
gested. 
138
 
[PFBMIm][PF6] Ag(111) - 390 2 
148
b
 - - 
TP-XPS; cation decomposes in WL > 420 K. WL 
desorption shifts to < 420 K after replacement by 
[C8C1Im][PF6] at Ag(111) surface. 
105
 
[C4C1Pyrr][Tf2N] Cu(111) - - - 132(2)
123
 
152(3)
123
 
195(19)
255
 
- Anions in contact with Cu surface decompose below 
300 K. 
97
 
a: See Fig. 15a; b: Redhead analysis
256
 with frequency factor 𝜈1 = 10
16 1/s from literature;169 TPD: Temperature-programmed desorption; TP-XPS: Temperature-programmed 
XPS; TP-UPS: Temperature-programmed ultra-violet photoelectron spectroscopy. 
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The thermal evolution of [C2C1Im][Tf2N] on Au(111) was studied via TPD by Hessey 
and Jones.
169
 Compared to the value of 365 K for [C8C1Im][Tf2N] on Ag(111) from TP-
XPS,
104
 they found for [C2C1Im][Tf2N] a slightly higher temperature of multilayer desorption 
of 380 K and a rather broad WL desorption range. Both are likely related to the much higher 
heating rate of the TPD experiment of 30 K/min
169
 compared to the TP-XPS with 2 K/min.
104, 
257-258
 The broad range for the WL desorption could also be a sign of decomposition of the IL 
film on the Au surface. 
The temperature of multilayer desorption of [PFBMIm][PF6] of 390 K is close to that 
of [C8C1Im][PF6],
105
 which indicates that in this specific case the seemingly significant 
structural variation at the cation of these two ILs – which has a profound effect on the surface 
composition and enrichment behavior
105, 259-261
 – appears to have only little effect on the 
multilayer desorption. In contrast to [C8C1Im][PF6] on Ag(111),
84
 TP-XPS upon heating thin 
films of [PFBMIm][PF6] on Ag(111) above 420 K reveals signs of decomposition of this 
IL.
105
 Thermal decomposition at temperatures below 500 K was also reported for bulk 
evaporation experiments on the related IL [C4C1Im][PF6],
262
 which indicates that the decom-
position of [PFBMIm][PF6] on Ag(111) might also occur in the multilayer independently of 
any influence by the metallic support. In any case, the findings imply that the adsorption ener-
gy of [PFBMIm][PF6] on Ag(111) cannot be deduced simply from TP-XPS because of the 
decomposition of the IL.
105
 
Although the multilayer desorption of [C8C1Im][PF6] partly overlaps with the 
desorption of [PFBMIm][PF6], the latter can be desorbed intact within the multilayer 
desorption range from mixed thin films with [C8C1Im][PF6] on Ag(111), leaving a WL of 
[C8C1Im][PF6] behind, as sketched in Figure 16a.
105
 In a similar fashion, it is possible to 
desorb [C8C1Im][Tf2N] selectively and entirely from mixed films with [C8C1Im][PF6] in the 
temperature range of multilayer desorption, see Figure 16b.
104
 In both cases, these multilayer 
desorption characteristics are enabled by the selective replacement of the respective IL by 
[C8C1Im][PF6] at the IL/Ag(111) interface and the surface enrichment of [PFBMIm]
+
 cations 
and [Tf2N]
–
 anions in the respective mixtures (see Chapter 3.5).
104-105
 In effect, it 
demonstrates that layers of [PFBMIm][PF6] and [C8C1Im][Tf2N], respectively, can be 
destabilized by postdeposition of [C8C1Im][PF6] which opens new routes for selectively 
removing specific ions or undesired components at IL/support interfaces.
104-105
 In principle, 
this procedure of sequential deposition and selective desorption should further allow for an 
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on-surface metathesis of ILs with varying ion combinations that are not directly accessible by 
PVD (as for example alkyl imidazolium halides
164-165
). 
 
Figure 16: Scheme of selective replacement at the IL/metal interface and subsequent desorp-
tion of a) [PFBMIm][PF6] and b) [C8C1Im][Tf2N] after postdeposition of [C8C1Im][PF6]. 
Adapted in part from 
104-105
 under license CC BY 4.0. 
As mentioned above, [C8C1Im][PF6] desorbs from Ag(111) and Au(111) in two steps 
with multilayer desorption at 405 K and WL desorption at 445 K.
84, 104-105
 If the metal surface 
is, however, covered by one closed layer of the porphyrin 2H-TPP (see Table 1), the entire IL 
film desorbs at 405 K, uncovering the porphyrin monolayer below.
84
 The 2H-TPP layer acts 
as a spacer between [C8C1Im][PF6] and the metals and effectively inhibits the specific 
interaction of the ions with the metal, leading to a pseudo-multilayer behavior of the 
[C8C1Im][PF6] WL on 2H-TPP.
84
 
Hessey and Jones
169
 studied the desorption of acetone from a layer of [C2C1Im][Tf2N] 
on Au(111) compared to the desorption of acetone directly from Au(111). They observed 
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effectively no change in the desorption temperature (125 K) of acetone on Au(111) compared 
to the acetone/IL/Au(111) system. In this example, however, the acetone seems to show no 
strong adsorption to the Au(111) surface in the first place, as multilayers and monolayer 
desorb basically at the same temperature.
169
 
3.5 Ion Exchange at the IL/Solid Interface [P2, P3] 
In light of complex IL systems, composed of more than one type of ion pairs, and the effect of 
the immediate presence of a metal surface on the film structure, this chapter deals with 
phenomena that occur when ultrathin layers of two different ILs are successively deposited on 
the Ag(111) surface. The results from temperature-dependent ARXPS demonstrate that al-
ready well below RT ion exchange processes can occur at the IL/metal interface.
104-105
 
3.5.1 Anion Exchange 
For the two ILs [C8C1Im][Tf2N] and [C8C1Im][PF6] with the same cation but two different an-
ions, the different chemical environments of the FTf2N and FPF6 fluorine atoms result in distinct 
chemical shifts of the respective F 1s binding energies in XPS. This allows for a direct com-
parison of the relative occurrence of the respective anion in the bulk (0° emission) and at the 
surface (80°) of the IL films in the spectra in Figure 17. Changes in signal intensity by 
varying the surface sensitivity in ARXPS directly reflect surface enrichment or depletion of 
one of the anions.
104-105
  
 
Figure 17: F 1s spectra in 0° and 80° emission for the clean Ag(111) crystal (I), after deposi-
tion of a WL of [C8C1Im][Tf2N] at 90 K (II), after deposition of 1.3 ML of [C8C1Im][PF6] on 
top of the [C8C1Im][Tf2N] WL at 90 K (III) and after heating the resulting composite IL film 
to 300 K (IV). Reprinted from 
104
 under license CC BY 4.0. 
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First, the equivalent of a WL of [C8C1Im][Tf2N] was deposited on Ag(111) at a tem-
perature of 90 K (see sketch in Figure 18) resulting in one signal in the F 1s spectra in 
Figure 17-II. At this low temperature, STM
145
 and ARXPS
104
 indicate the formation of flat 
uniform films with crystalline and amorphous condensed phases, all with an overall 
checkerboard arrangement of alternating anions and cations. 
In a second step, 1.3 ML of [C8C1Im][PF6] were deposited on top of the WL of 
[C8C1Im][Tf2N] at 90 K, resulting in a strong attenuation of the FTf2N signal at 80° in 
Figure 17-III, as [C8C1Im][PF6] homogeneously covers the underlying [C8C1Im][Tf2N] layer. 
As sketched in Figure 18-III, no exchange of anions occurs at this point.
104
 
 
Figure 18: Scheme for the heating experiment after the deposition of [C8C1Im][PF6] on top of 
a WL of [C8C1Im][Tf2N] on Ag(111) at 90 K. The Roman numerals refer to the spectra in 
Figure 17. Adapted from 
104
 under license CC BY 4.0. 
This IL bilayer was then heated to RT. The RT spectra in Figure 17-IV clearly show 
that [Tf2N]
–
 anions resurface. The quantitative analysis of F 1s spectra from TP-XPS in the 
surface sensitive emission angle of 80° is shown in Figure 19. Initially, there are no notable 
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changes in the [PF6]
–
 and [Tf2N]
–
 peak intensities. Above 140 K, the [PF6]
–
 signal (blue) 
begins to decrease, while the [Tf2N]
–
 signal (green) remains constant up to 170 K. This 
behavior is attributed to a reorganization within the uppermost layer, such that the octyl 
chains enrich at the IL/vacuum interface and attenuate the [PF6]
–
 signal at 80° as sketched in 
Figure 18 (see also Chapter 3.5.2).
104
 Unaffected by this reorientation at the outer surface, the 
[Tf2N]
–
 anions remain at the IL/Ag(111) interface. Between 170 and 220 K, the exchange of 
the anions at the IL/Ag(111) interface occurs, as the [Tf2N]
–
 signal increases while the [PF6]
–
 
signal continues to decrease.
104
 The glass transition temperatures of bulk [C8C1Im][Tf2N] and 
[C8C1Im][PF6] (around 185 K
109, 117, 125, 127
 and 190 K,
2, 124, 130
 respectively) correspond well to 
this temperature range for the anion exchange.
104
 
 
Figure 19: Intensities of the respective F 1s signals of the [PF6]
–
 and [Tf2N]
–
 anions from TP-
XPS in 80° emission as a function of the sample temperature upon heating from 90 K to RT. 
Reprinted with permission from 
104
 under license CC BY 4.0. 
Two driving forces are proposed to be cooperatively responsible for the replacement 
of [C8C1Im][Tf2N] by [C8C1Im][PF6] at the IL/Ag(111) interface and the enrichment of 
[Tf2N]
–
 at the IL/vacuum interface. As deduced from the desorption temperatures of the neat 
ILs on Ag(111) (see Chapter 3.4), the adsorption energy of [C8C1Im][PF6] is considerably 
larger than that of [C8C1Im][Tf2N]. Further, the preferential enrichment of [Tf2N]
– 
at the 
IL/vacuum interface is favored because of the lower surface tension of [C8C1Im][Tf2N] 
compared to [C8C1Im][PF6] (see Table 1).
8, 104
 
3.5.2 Cation Exchange 
Complementary to the anion exchange discussed above, the exchange of two cations at the 
IL/Ag(111) interface was studied on the example of [PFBMIm][PF6] and [C8C1Im][PF6]. 
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Again taking advantage of the different chemical environments of the five FCFx atoms in the 
side chain of the [PFBMIm]
+
 cation and six FPF6 atoms in the [PF6]
–
 anion, the resulting 
distinct F 1s binding energies (FCFx at 689.1 eV, FPF6 at 686.9 eV) allow for a direct 
comparison of the relative occurrence in the bulk (0° emission) and at the vacuum interface 
(80°) of the ultrathin films.
105
 
For the detailed investigation of the dynamics of the cation exchange process, first a 
WL of [PFBMIm][PF6], and in a second step 1.0 ML of [C8C1Im][PF6] were deposited at 
82 K on Ag(111). ARXPS shows that [C8C1Im][PF6] covers the WL of [PFBMIm][PF6] and 
no ion exchange occurs at the IL/Ag(111) interface due to the lack of mobility at this low 
temperature.
105
 Upon heating this layered film at a rate of 2 K/min from 82 K to RT, the 
thermal evolution of the F 1s and C 1s signals related to cations and anions was measured in 
80° emission in situ. The result of the quantitative analysis of the individual C 1s (Calkyl and 
Chetero) and F 1s (FCFx and FPF6) signals is shown in Figure 20. 
 
Figure 20: Thermal evolution of the respective F 1s and C 1s signals in 80° upon heating of 
the layered IL film to RT after the deposition of 1.0 ML of [C8C1Im][PF6] on top of a WL of 
[PFBMIm][PF6] on Ag(111) at 82 K. Heating rate 2 K/min. Reprinted with permission 
from 
105
 under license CC BY 4.0. 
Upon heating, a decrease of the FPF6 signal (blue) is observed initially, while 
simultaneously, the Calkyl signal (yellow) increases until 150 K. These changes are attributed 
to the enrichment of the alkyl chains at the IL/vacuum interface, which – as already 
mentioned in Chapter 3.5.1 – leads to the attenuation of the [PF6]
–
 ions below. The alkyl 
enrichment by reorientation is limited to the IL/vacuum interface and there is no change of the 
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FCFx peak intensity (red) of the [PFBMIm]
+
 cations at the IL/Ag(111) interface. Between 160 
and 220 K, the cations at the IL/Ag(111) interface exchange, followed by the enrichment of 
the pentafluorobutyl side chains of [PFBMIm][PF6] at the vacuum interface at the expense of 
[C8C1Im]
+
 cations, as the FCFx signal increases and the Calkyl signal decreases.
105
 
The temperature range of the cation exchange corresponds well to the glass transition 
temperature of 190 K for bulk [C8C1Im][PF6],
2, 124
 which is in line with previous observations 
that the bulk glass transition is in good agreement with temperature-programmed phase 
changes in thin IL films on Ag(111).
104, 145
 While bulk [PFBMIm][PF6] has a melting tempe-
rature of 339 K, the [PFBMIm]
+
 cations within the mixed thin film become mobile already at 
a much lower temperature.
105
 This indicates that the mobility of the IL on top essentially 
determines the temperature at which the exchange at the IL/metal interface can occur. 
In line with the study of the anion exchange,
104
 two main driving forces are suggested 
to be cooperatively responsible for the cation exchange at the IL/metal interface: A lower sur-
face tension of [PFBMIm][PF6] due to its fluorinated chain,
263-265
 favoring its enrichment at 
the IL/vacuum interface, and a larger adsorption energy of [C8C1Im][PF6] on Ag(111) com-
pared to [PFBMIm][PF6] (see also Chapter 3.4).
105
 
3.6 Replacement of IL by Porphyrins at Metal Interfaces [P4] 
In analogy to the above mentioned examples of molecular exchange and preferential 
adsorption after sequential deposition of two different ILs on Ag(111),
104-105
 studies of 
organic bilayers on metals involving porphyrins and related aromatic molecules also reported 
exchange processes.
224-225, 228, 266-271
 These works highlight the importance of the strength of 
the organic-metal interaction and how it relates to the stability and arrangement in stacked 
multilayer architectures.
224-225, 235, 266, 270, 272-276
 Synergies between the molecular classes of 
porphyrins and ILs were realized for catalysis
86
 and dye-sensitized solar cell
47-48
 technologies. 
So far, the potential of these pioneering works has only been touched at the surface. In such 
applications, the function, performance and stability of the organic thin films are strongly 
determined by the properties of the interface to the support.
11, 48, 64, 67-71, 86
 This chapter covers 
temperature-dependent changes in the bilayer film structure of the IL [C8C1Im][PF6] and 
5,10,15,20-tetraphenylporphyrin (2H-TPP, see Table 1) at Ag(111) and Au(111) surfaces, 
depicted in Figure 21.
84
 
After deposition of 2H-TPP on top of a frozen film of [C8C1Im][PF6] at 84 K, the 2H-
TPP layer covers the IL film below. Heating this bilayer film subsequently to RT, a 
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reorganization of the film arrangement at about 240 K was determined by TP-XPS.
84
 All 
intensities in Figure 22 remain mostly constant until the FPF6 signal increases in one step by 
almost 70%. The Calkyl signal of the [C8C1Im]
+
 cation increases simultaneously by more than 
100%, while the porphyrin-related C 1s contribution decreases to 40%. This behavior 
indicates the exchange of the IL molecules by the 2H-TPP molecules at the Ag(111) interface 
and the concomitant enrichment of [C8C1Im][PF6] at the IL/vacuum interface. Bilayers of 
[C8C1Im][PF6] and 2H-TPP on Au(111) show effectively the same behavior.
84
 
 
Figure 21: Scheme of the film structure in the heating experiment after the deposition of a 
monolayer of 2H-TPP onto 1 ML of [C8C1Im][PF6] on Ag(111) at 84 K. Adapted with 
permission from 
84
 under license CC BY 4.0. 
In the temperature-programmed exchange studies in bilayered IL films with 
[C8C1Im][PF6] initially at the vacuum interface,
104-105
 the onsets of diffusion were slightly 
below the glass transition of about 190 K reported for bulk [C8C1Im][PF6].
2, 124
 The exchange 
of [C8C1Im][PF6] by 2H-TPP at the Ag(111) surface occurs at a temperature that is about 
50 K higher, which indicates that this exchange process is determined rather by the properties 
of the porphyrin layer at the vacuum interface than the IL layer below as [C8C1Im][PF6] 
should already be liquid at a lower temperature. The delay of the exchange process to 
considerably higher temperatures could result from a change in mobility of [C8C1Im][PF6] 
due to the confinement of the IL film under the 2H-TPP layer,
84, 277
 which itself is likely 
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stabilized laterally by strong phenyl-phenyl bonds.
84, 177-178, 219, 227, 229, 236-242, 278
 In fact, 
Thussing et al. also reported in studies of the thermal stability of organic bilayers a high 
stability of the 2D-network of the top layer molecules due to strong intermolecular bonding, 
limiting the mobility of the molecules at the metal surface below.
224-225
 Note, in contrast to the 
pure IL systems (Chapter 3.5), the IL film confined under the 2H-TPP layer shows no sign of 
molecular reorientations (i.e. alkyl chain enrichment) prior to the actual molecular exchange. 
 
Figure 22: Thermal evolution of F 1s and C 1s spectra measured in 80° during heating after 
deposition of a monolayer of 2H-TPP on top of 1 ML of [C8C1Im][PF6] on Ag(111) at 84 K. 
Heating rate: 2 K/min. Reprinted with permission from 
84
 under license CC BY 4.0. 
As the exchange process is most likely driven by the larger adsorption energy of 2H-
TPP at the metal surfaces compared to the IL,
84
 it is also possible that the shift of the tran-
sition to higher temperature could be the result of a higher activation energy for the 
replacement of the IL by the porphyrin at the metal interface compared to the IL/IL films on 
Ag(111).
104-105
  
This molecular-level UHV study on the replacement of the IL at the IL/metal interface 
after postdeposition of porphyrins helps understanding processes at liquid/solid interfaces in 
general, as it could be considered a general case of preferential adsorption of large molecules 
on surfaces from solutions. Compared to the deposition from the gas phase, the deposition 
from a liquid phase follows very different mechanisms and the resulting structures of the 
organic layer on the surface could be different.
84, 279
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Replacement effects of this kind are further related to stability concerns in IL-based 
catalysts. One example could be the poisoning of a SCILL system, where the adsorption of 
large molecular reactants might block the reactive sites on the surface irreversibly and would 
lower the catalytic activity over time, similar to poisoning of Pt catalysts by sulfur or other 
nonreactive species.
66, 280-283
 Another example would concern SILP systems based on 
metalloporphyrin derivates as catalytic centers.
86
 It would cause major challenges if the 
complexes preferentially adsorb to the support surface and thus deplete from the liquid phase. 
The catalytic system would lose the characteristic homogeneous nature of the catalyst and 
possibly diminish its reactivity/selectivity. From an even more general point of view, the 
observed exchange is also relevant for the stability of organic-organic heterostructures on 
solid supports. If a porphyrin-based electronic device is prepared at one temperature but used 
at higher temperatures, the increased mobility of the molecules could change the intended 
structure of the layered film stack. 
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4. Summary 
Thin films of ionic liquids (ILs) on high surface area solid supports are not only the key ingre-
dient to effective SCILL
 
and SILP catalysis but further show increasing potential for wide-
spread use in other fields. For these thin IL film applications, the function, performance and 
stability of the system are strongly determined by the interface properties. In this context, the 
molecular-level ARXPS studies on model systems in ultra-high vacuum (UHV) in the present 
study highlight fundamental aspects of wetting and film growth of various ILs on single-
crystalline Ag(111) and Au(111) supports, and of the structure and composition of the 
IL/support and IL/vacuum interfaces of pure and mixed IL films.  
The IL thin film growth on metal surfaces (Chapter 3.1, [P1, P2, P3, P4]) was studied 
on the example of four imidazolium-based ILs. The variations in molecular structure (with or 
without alkyl substituent or partially fluorinated side chain) and composition (different 
counter ions, [Tf2N]
–
 or [PF6]
–
) allow for the derivation of certain structure-property relation-
ships regarding the points raised above. In agreement with literature, the formation of a closed 
wetting layer (WL) on metal surfaces appears to be one general similarity for ILs, but the 
intermolecular structure and molecular orientation at the interfaces seem to be determined 
predominantly by the composition of the IL and less by the nature of the support. In the 
present state, however, the variety of systems is still limited to a hand full of popular re-
presentatives. As homogeneous wetting is a crucial requirement for many applications, the re-
sults of this thesis provide an important basis for the deeper understanding of film morpholo-
gies in the later stages of thin film growth.  
Time-dependent changes in the growth of IL films (Chapter 3.2, [P1]) were studied on 
the example of [C1C1Im][Tf2N] on Ag(111). This IL forms initially very pronounced 3D 
islands on a WL which then slowly spread towards a more 2D structure over the course of the 
measurement. [C2C1Im][Tf2N] on Au(110) was reported to behave similarly. As films of 
[C8C1Im][Tf2N], in contrast, reveal no such time-dependent behavior, the observed 
morphology changes appear to be related to the length of the alkyl substituents at the cationic 
imidazolium head group.  
The growth and desorption of 2H-TPP on Ag(111) and Au(111) (Chapter 3.3, [P4]) 
were characterized by ARXPS. As parameters like charge carrier mobility and device ef-
ficiency strongly depend on the molecular arrangement and orientation, the structure and sta-
bility of multilayer porphyrins is of utmost importance for applications in organic electronic 
devices. Information on porphyrin multilayers on metal substrates – in general – as well as 
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their thermal behavior is, however, scarce. The results of the present work indicate Stranski-
Krastanov-like growth for 2H-TPP on both metals, with 2D growth up to two closed 
molecular layers and the formation of 3D islands on top of this bilayer. The thermal stability 
of 2H-TPP multilayers on the metal surfaces was monitored through the thermal evolution of 
XPS signals. On both surfaces, 2H-TPP multilayers desorb at the same temperature of about 
450 K while the monolayer remains stable on the surface up to at least 500 K. At temperatures 
above 525 K, the molecules in the 2H-TPP monolayer may be subject to decomposition. 
The desorption of ILs from metal surfaces (Chapter 3.4, [P2, P3, P4]) plays a pivotal 
role for thin IL film applications at high temperature, despite their commonly high thermal 
stability and very low vapor pressures. By means of temperature-programmed XPS, the de-
sorption of pure and mixed films of ILs from Ag(111) and Au(111) was studied. While the 
difference in the length of the alkyl chain between [C1C1Im][Tf2N] and [C8C1Im][Tf2N] leads 
to a considerably lower multilayer desorption temperature of the former compared to the lat-
ter, the two ILs have similar desorption temperatures of the remaining IL WL on Ag(111). 
The different anion in [C8C1Im][PF6] results in both, higher multilayer and WL desorption 
temperatures compared to [C8C1Im][Tf2N]. The stronger adsorption to the metal is likely rela-
ted to the smaller ion size and more localized charge. The similar WL desorption temperatures 
of [C8C1Im][PF6] on Ag(111) and Au(111) indicate comparable binding energies for the IL on 
both metals. Bilayer films of [C8C1Im][PF6] on 2H-TPP-covered Ag(111) and Au(111) are 
stable up to above 100 °C, but the direct interaction of the IL with the metal surface is inhibi-
ted and the IL film desorbs entirely in the temperature range of multilayer desorption. In a 
similar way, it is also possible to selectively desorb one IL from mixed IL films. The thorough 
discussion of the results for IL desorption of this thesis with respect to literature studies pro-
vides a vantage point for obtaining a more comprehensive picture of the material properties at 
elevated temperatures.  
Ion exchange at the IL/solid interface (Chapter 3.5, [P2, P3]) and preferential enrich-
ment of ions at the vacuum interface were observed after the sequential deposition of ultrathin 
films of two different ILs on Ag(111). After IL deposition at temperatures around 90 K, the 
exchange processes occur upon heating to room temperature. The exact temperatures at which 
the exchange occurs appears to be related to the bulk glass transition temperature of the IL on 
top. Two driving forces are suggested to be responsible for the replacement at IL/solid inter-
faces, a lower surface tension of the mixed thin film and a higher adsorption energy of one of 
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the ILs. The results highlight how the interface compositions of thin multi-component IL 
films depend on the combination of ions and how they can be controlled via temperature.  
The replacement of IL by porphyrins at metal interfaces (Chapter 3.6, [P4]) was stu-
died in light of the increasing interest in organic-organic multicomponent heterostructures on 
metals. When the 2H-TPP is deposited on top of [C8C1Im][PF6] at temperatures below 90 K, 
the porphyrin molecules adsorb on top of the IL film at first, but replace the IL at the IL/metal 
interfaces upon heating above 240 K. This exchange process appears to be driven by the 
higher adsorption energy of 2H-TPP on the Ag(111) and Au(111) surfaces compared to the 
IL. Such molecular-level UHV studies on the replacement of ILs by large organic molecules 
at IL/metal interfaces help understanding processes at liquid/solid interfaces in general. In 
comparison to the deposition from the gas phase, the deposition from a liquid phase follows 
very different mechanisms and the resulting structures of the organic layer on the surface 
could be different.  
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5. Kurzfassung der Arbeit 
In Form dünner Filme auf porösen Trägermaterialien sind Ionische Flüssigkeiten (engl. Ionic 
Liquids, ILs) wesentlicher Bestandteil leistungsfähiger SCILL (Solid Catalyst with Ionic Liq-
uid Layer) und SILP (Supported Ionic Liquid Phase) Katalysatorsysteme. Für diese und zahl-
reiche weitere Anwendungsgebiete dünner IL-Filme sind insbesondere die Grenzflächen-
eigenschaften für die Funktionalität, Leistungsfähigkeit und Stabilität der jeweiligen Systeme 
von besonderer Bedeutung. Die Untersuchungen der vorliegenden Arbeit im Ultrahochvaku-
um mittels winkelaufgelöster Röntgenphotoelektronenspektroskopie (engl. Angle-Resolved X-
ray Photoelectron Spectroscopy, ARXPS) an Modellsystemen tragen in diesem Zusammen-
hang vor allem zum grundlegenden Verständnis des Benetzungs- und Wachstumsverhaltens 
von ILs auf Metalloberflächen sowie der Struktur und Zusammensetzung der Grenzflächen 
IL/Metall und IL/Vakuum bei. Die Ergebnisse dieser Arbeit wurden eingehend unter Berück-
sichtigung früherer Erkenntnisse aus der Fachliteratur diskutiert. 
Das Wachstum ultradünner IL-Filme auf Metalloberflächen (Kapitel 3.1, [P1, P2, P3, 
P4]) wurde für vier Imidazolium-ILs auf einkristallinem Ag(111) und Au(111) untersucht. 
Die Variation der Molekülstruktur des Kations (mit und ohne Alkylsubstituenten sowie mit 
partiell fluorierter Seitenkette) und der jeweiligen Gegenionen ([Tf2N]
–
 und [PF6]
–
) 
ermöglicht hierbei die Ableitung belastbarer Struktur-Eigenschafts-Beziehungen für die unter-
suchten Systeme. Zusammenfassend lässt sich sagen, dass für ILs auf Metalloberflächen 
generell die Ausbildung einer geschlossenen molekularen Benetzungslage (engl. Wetting 
Layer, WL) beobachtet wird. Molekulare Vorzugsorientierungen und supramolekulare An-
ordnungen innerhalb dieses WLs scheinen bevorzugt durch die jeweilige IL bestimmt zu 
werden und lassen kaum Abhängigkeiten von der Art der Metalloberfläche erkennen; aller-
dings liegt erst eine geringe Anzahl an Systemen mit aussagekräftigen Studien vor. Da ein 
gleichmäßiges Benetzungsverhalten eine wesentliche Voraussetzung für viele Anwendungen 
darstellt, bilden die vorliegenden Untersuchungen eine wichtige Grundlage für ein vertieftes 
Verständnis der molekularen Zusammenhänge des Filmwachstums. 
Zeitabhängige Änderungen beim Wachstum von IL-Filmen (Kapitel 3.2, [P1]) wurden 
an [C1C1Im][Tf2N] auf Ag(111) untersucht. Nach Abscheidung aus der Gasphase bildet diese 
IL zu Beginn ausgeprägte dreidimensionale Inseln auf einem WL aus. Diese Inselstruktur 
ändert sich im Laufe zeitabhängiger Messungen langsam hin zu einer flacheren Filmmorpho-
logie. Während ähnliche Beobachtungen bereits zuvor in der Literatur für [C2C1Im][Tf2N] auf 
Au(110) beschrieben wurden, zeigt [C8C1Im][Tf2N] kein derartiges zeitabhängiges Verhalten. 
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Die Unterschiede in der Molekülstruktur der drei genannten ILs deuten auf einen Einfluss der 
Kettenlänge der Alkylsubstituenten am Imidazolium-Kation auf dieses zeitabhängige 
Benetzungsverhalten hin. 
Das Wachstum und Desorptionsverhalten des Porphyrins 2H-TPP auf Ag(111) und 
Au(111) (Kapitel 3.3, [P4]) wurde in dieser Arbeit ebenfalls mittels ARXPS untersucht. Bei 
elektronischen Bauteilen, die auf organischen Dünnschichtmaterialien basieren, hängt die 
Effizienz und Mobilität von Ladungsträgern stark von der Anordnung und Orientierung der 
Moleküle an den Grenzflächen und innerhalb der Schichten ab. Umfassende Kenntnis der 
Struktur und Stabilität von Porphyrin-Multilagen sind daher unabdingbar für deren erfolg-
reichen Einsatz in funktionalen Mehrschichtsystemen. Detaillierte Informationen zum 
Multilagenwachstum von Porphyrinen auf Metalloberflächen sowie zur thermischen Stabilität 
fanden in bisherigen Untersuchungen jedoch wenig Beachtung. Die Ergebnisse der vor-
liegenden Arbeit deuten für beide Metalloberflächen auf ein zweidimensionales Wachstum 
des Porphyrins 2H-TPP bis zur Vollendung der zweiten Moleküllage hin. Auf dieser 
Porphyrin-Doppellage wachsen im weiteren Verlauf dreidimensionale Inseln (Stranski-
Krastanow-Wachstum). Die thermische Stabilität der 2H-TPP-Multilagen wurde durch tem-
peraturprogrammierte (TP-)XPS-Messungen charakterisiert. Auf beiden Metalloberflächen 
desorbieren die Multilagen bei ungefähr 450 K, während die Porphyrinmoleküle in der Mono-
lage bis 500 K stabil sind. Oberhalb von 525 K können Zersetzungreaktionen auftreten. 
Die Desorption von ILs von Metalloberflächen (Kapitel 3.4, [P2, P3, P4]) spielt eine 
entscheidende Rolle für die Einsatztemperaturgrenzen von ILs in Dünnschichtanwendungen. 
Obwohl ILs in der Regel eine hohe thermische Stabilität aufweisen, kann der – bei Raum-
temperatur typischerweise extrem niedrige und dadurch meist vernachlässigbare – Dampf-
druck von ILs bei erhöhter Temperatur eine Berücksichtigung des Desorptionsverhaltens 
erforderlich machen. In dieser Arbeit wurde mittels TP-XPS-Messungen die Desorption von 
ILs und IL-Mischungen auf Einflüsse der molekularen Zusammensetzung der IL und der Art 
des Substratmaterials hin untersucht. Während die unterschiedliche Länge der Alkyl-
substituenten zu einer deutlich niedrigeren Multilagen-Desorptionstemperatur von 
[C1C1Im][Tf2N] im Vergleich zu [C8C1Im][Tf2N] führt, zeigt die jeweils verbleibende 
Benetzungslage auf Ag(111) für beide ILs die gleiche Desorptionstemperatur. Das Verhalten 
der Multilagen ist im Einklang mit makroskopischen Untersuchungen des Dampfdrucks der 
beiden ILs. Für die Adsorption auf der Metalloberfläche scheint der ionische Charakter der 
ILs den Einfluss durch die unterschiedlichen Substituenten zu dominieren. Bei einer Variation 
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des Gegenions verschiebt sich für [C8C1Im][PF6] im Vergleich zu [C8C1Im][Tf2N] sowohl für 
Multilagen als auch für die Benetzungslage auf Ag(111) die Desorption zu höheren Tempera-
turen. Dies deutet auf eine stärkere Adsorption von [C8C1Im][PF6] hin, welche wahrscheinlich 
auf der geringeren Größe und dadurch stärker lokalisierten Ladung beruht. Die Desorptions-
temperaturen für die Benetzungslage von [C8C1Im][PF6] auf Ag(111) und Au(111) liegen sehr 
nahe beieinander, was auf ähnliche Adsorptionsenergien auf beiden Metalloberflächen 
hinweist. Komplexere Schichtsysteme in Form von [C8C1Im][PF6]-Multilagen auf einer 2H-
TPP-Monolage auf Ag(111) bzw. Au(111) sind stabil bis über 100°C, jedoch wird die direkte 
Wechselwirkung der IL mit der Metalloberfläche durch die Porphyrinschicht verhindert, 
sodass in diesem Fall [C8C1Im][PF6] komplett im Bereich der Multilagendesorption 
desorbiert. In Analogie dazu ist es ebenfalls möglich, eine IL aus einem gemischten IL-Film 
selektiv zu desorbieren. Die Ergebnisse dieser Arbeit zum Desorptionsverhalten von ILs 
wurden ausführlich mit in der Fachliteratur verfügbarer Studien verglichen und liefern einen 
tragfähigen Ausgangspunkt für eine umfassende weitere Klassifizierung dieser Material-
eigenschaften. 
Ionenaustauschphänomene an der IL/Metall-Grenzfläche (Kapitel 3.5, [P2, P3]) und 
bevorzugte Anreicherung von Ionen an der IL/Vakuum-Grenzfläche wurden nach der aufein-
ander folgenden Abscheidung von zwei verschiedenen ILs auf Ag(111) beobachtet. Nach der 
Abscheidung der IL-Filme bei niedrigen Temperaturen um 90 K treten die Austauschprozesse 
beim Heizen bereits unterhalb von RT auf. Die Ergebnisse der untersuchten Systeme deuten 
darauf hin, dass die Übergangstemperaturen für den Ionenaustausch nahe der Glasübergangs-
temperatur der jeweils oberen IL liegen. Zwei Triebkräfte für den Ionen-Austausch an der 
IL/Metall-Grenzfläche wurden identifiziert: Einerseits führt eine niedrigere Oberflächen-
spannung einer der ILs zur bevorzugten Anreicherung an der IL/Vakuum-Grenzfläche, 
während andererseits die höhere Adsorptionsenergie einer IL zur selektiven Adsorption auf 
der Metalloberfläche führt. Die Ergebnisse zeigen anschaulich, wie die Grenzflächen-
zusammensetzung in komplexen IL-Filmen variabler Mischungszusammensetzung zum einen 
von der jeweiligen Kombination der Ionen und zum anderen von der Temperatur abhängen 
kann. 
Der Austausch von IL durch Porphyrine an Metalloberflächen (Kapitel 3.6, [P4]) wur-
de im Hinblick auf das wachsende Interesse an organischen Multikomponenten-Heterostruk-
turen auf Metalloberflächen untersucht. Das Porphyrin 2H-TPP wurde hierfür bei Tempera-
turen unterhalb von 90 K auf einen dünnen [C8C1Im][PF6]-Film auf den Ag(111)- und 
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Au(111)-Oberflächen abgeschieden. Die Porphyrinmoleküle adsorbieren dabei zunächst auf 
dem IL-Film. Wird das System über 240 K erwärmt, ersetzt 2H-TPP die IL an der IL/Metall-
Grenzfläche. Dieser Austausch geht vermutlich auf die wesentlich höhere Adsorptionsenergie 
des 2H-TPP im Vergleich zu [C8C1Im][PF6] auf den beiden Metalloberflächen zurück. Die 
vorliegende Untersuchung zeigt auf molekularer Ebene wie ILs durch andere organische 
Moleküle an der IL/Metall-Grenzfläche verdrängt werden können und hilft dadurch beim all-
gemeinen Verständnis von Prozessen an flüssig/fest-Grenzflächen. Darüber hinaus folgt die 
Abscheidung aus der Gasphase im Vergleich zur Abscheidung aus der flüssigen Phase sehr 
unterschiedlichen Mechanismen und kann als Resultat zu wesentlich anderen Strukturen 
innerhalb der organischen Adsorbatschicht auf der Metalloberfläche führen. 
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8. Appendix 
8.1 Atomic Sensitivity Factors for XPS 
The atomic sensitivity factors (ASFs) that were used for the quantitative analysis of the XPS 
spectra in this work are provided in Table 4 along with the constraints for fitting the P 2p and 
S 2p signals, that is, the ratio between the two spin-orbit split components of the core level, 
the relative full width at half maximum (FWHM) of the two lines, and the separation in 
binding energy. 
Table 4: ASFs and constraints (peak ratio, full width at half maximum (FWHM), peak 
separation (∆𝐸𝑏)) for fitting the two peaks of the 2p core levels, used for the quantitative 
analysis of XPS data. 
Core level C 1s F 1s N 1s O 1s P 2p S 2p 
ASF 0.21 1 0.36 0.60 0.31 0.41 
Peak ratio 
(1/2 to 3/2) 
    1:2 1:2 
FWHM     Set equal Set equal 
∆𝑬𝒃 / eV     0.90 1.18 
8.2 Calculated IL Monolayer Heights 
The height ℎ of 1 ML of various ILs as calculated with Eq. 4 is shown in Figure 9. Table 5 
provides the corresponding values for the homologous series of [CnC1Im]
+
 cations with 
[Tf2N]
–
 and [PF6]
–
 anions. 
Table 5: Calculated monolayer height ℎ for ILs of the homologous series of [CnC1Im]X with 
[Tf2N]
–
 and [PF6]
–
 anions. The values are based on density data from literature as indicated.  
𝑛 [CnC1Im][Tf2N] [CnC1Im][PF6] 
1 0.74
8
  
2 0.75
8, 147
 0.65
179
 
4 0.79
8, 147
 0.70
147, 180, 182
 
5  0.72
182
 
6 0.82
8, 147
 0.74
147, 181-182
 
7  0.75
182
 
8 0.84
8, 128
 0.77
8, 147, 182
 
9  0.79
182
 
10 0.87
8, 147
 0.80
147
 
12 0.89
8
  
14 0.92128  
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8.3 Variation of X-Ray Gun Power During Time-Dependent XPS 
To investigate a possible influence of X-rays on the IL growth, the time-dependent behavior 
of [C1C1Im][Tf2N] films after IL PVD on Ag(111) at RT (cf. Chapter 3.2) was measured with 
varying power of the X-ray gun during time-dependent XPS. Figure 24a shows the temporal 
evolution of the intensity ratio 𝐼𝑑/𝐼0 of the Ag 3d core level of the supporting Ag(111) for 
three films of similar thickness (about 1.5 to 2.0 nm nominal thickness) at emission currents 
between X-ray gun filament and anode of 2 and 20 mA, respectively. This difference in 
emission current directly results in a variation of the photon flux by a factor of ten (which also 
means, the signal intensities in XPS are by a factor of ten lower for 2 mA than for 20 mA). 
For reference, the 0° data from Figure 12a
103
 is included in Figure 23a. Comparing the curves 
in Figure 23a, the morphology changes in the film are considerably slower for the lower 
emission current of 2 mA. At 20 mA, the peak intensity levels off after less than 60 min, 
whereas at 2 mA, the intensity only begins to decrease after this period and seems to level off 
only after more than 6 hours. The plot of absolute signal intensities in Figure 23b shows how 
the F 1s signal related to the [Tf2N]
–
 anion of the IL increases correspondingly on the same 
time scales as the Ag 3d signal decreases. Notably, the shapes of the individual XP peaks 
show no sign of beam damage. 
 
Figure 23: Temporal evolution of the Ag 3d (support) and F 1s (IL) signal intensities from 
time-dependent ARXPS of the IL films of [C1C1Im][Tf2N] after ending the IL deposition of 
equivalents of approximately 2 ML on Ag(111) at RT. a) 𝐼𝑑/𝐼0  (Ag 3d) and b) absolute 
intensities of Ag 3d and F 1s core levels. The emission current between filament and anode of 
the X-ray gun was varied between 2 and 20 mA, that is, a variation of the power from 24 to 
240 W (at 12 kV). 𝐼𝑑/𝐼0 (Ag 3d) data for 20 mA (squares in a) adapted from Ref. 
103
. See also 
Figure 12a. 
The time-dependent decrease of the intensity of the Ag 3d signal observed experimen-
tally after ending the deposition indicates the slow transformation of the [C1C1Im][Tf2N] film 
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towards a flat morphology, as concluded from the stronger signal attenuation of the sup-
porting Ag crystal.
103
 The simultaneous increase in the IL-related F 1s signal intensity sup-
ports this assumption. The interpretation provided in Chapter 3.2 was that flat films are 
thermodynamically more stable than pronounced 3D islands.
103
 In line with a similar study by 
Foulston et al.,
146
 the initial 3D islands that form during IL deposition were assumed to be ki-
netically stabilized and flatten only slowly over time.
103
 The results of Figure 23 indicate that 
the magnitude of the X-ray photon flux during measurement affects the timescale of the mor-
phology changes as well. The origin of this effect is not clear at the moment. One possibility 
is that the X-rays induce a small number of defects (too few to be detected in XPS) in the WL 
or in the form of isolated fragments on top of it which serve as additional nuclei for 2D island 
formation. Hence, the flattening process described in Chapter 3.2 towards a thermody-
namically more stable 2D layer could be accelerated by these nuclei. While local temperature 
changes due to the varying power of the X-ray source can be ruled out, other possible factors 
accelerating the transition to 2D islands might be an enhanced emission of ion pairs or ions 
from the 3D islands due to processes stimulated by X-rays (or secondary electrons), or due to 
repulsive Coulomb interactions after the photoemission (and subsequent de-excitation proces-
ses): As charge neutralization by electron transport from the metal substrate requires some 
time, the accumulated positive charge in a 3D island could depend on the photon flux. 
After deposition of the same amount of [C1C1Im][Tf2N] on Ag(111) at 90 K, initially a 
film thickness of 2.0 nm is determined from XPS. Upon heating to RT, this apparent film 
thickness decreases from 2.0 to 0.7 nm, indicating changes in the film morphology towards 
the formation of pronounced 3D islands. Similar morphology changes were observed by Syres 
and Jones for [C8C1Im][BF4] on Cu(111) upon heating to RT after deposition at 120 K.
138
 For 
the initial characterization of the film of [C1C1Im][Tf2N] on Ag(111) after deposition at 90 K, 
the X-ray exposure was limited to 6 min at 20 mA emission current of the X-ray gun. The 
temporal evolution of the Ag 3d and F 1s signals in Figure 24 from time-dependent XPS after 
heating to RT shows that the IL then behaves identical compared to a film deposited at RT. 
The ratio of 𝐼𝑑/𝐼0  (Figure 24a) as well as the absolute intensity of the Ag 3d core level 
(Figure 24b) related to the Ag(111) crystal decrease at the same rate for both preparation 
routes from similar starting to final intensities while the F 1s intensity (Figure 24b) related to 
the IL anion simultaneously increases. 
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Time-dependent spreading of IL droplets was also reported in AFM studies on 
mica.
187, 191
 These experiments were, however, conducted in absence of ionizing radiation and 
the morphology changes occurred on the time-scale of tens of hours. 
 
Figure 24: Temporal evolution of the Ag 3d (support) and F 1s (IL) signal intensities from 
time-dependent XPS (0°) of films of [C1C1Im][Tf2N] after ending the IL deposition on 
Ag(111) at RT (red circles) and after heating to RT after IL deposition at 90 K (blue tri-
angles). a) 𝐼𝑑/𝐼0 (Ag 3d) and b) absolute intensities of Ag 3d and F 1s core levels. 
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8.4 Technical Drawings of the IL Evaporator Parts 
The complete technical drawings of the IL evaporator parts are provided on the following 
pages. 
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8.5 Technical Drawing of the Single Crystals 
The technical drawing in Figure 25 shows the geometry of the Ag(111) and Au(111) single 
crystals used in this thesis. See also Chapter 2.1.2. 
 
Figure 25: Technical drawing of the single crystals used in this thesis. 
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Time-dependent changes in the growth of
ultrathin ionic liquid films on Ag(111)†
Matthias Lexow, Timo Talwar, Bettina S. J. Heller, Benjamin May,
Radha G. Bhuin, Florian Maier and Hans-Peter Steinru¨ck *
Various amounts of the ionic liquids (ILs) [C1C1Im][Tf2N] and [C8C1Im][Tf2N] were deposited in vacuo by
physical vapour deposition (PVD) on single crystalline Ag(111) at room temperature and subsequently
monitored by angle-resolved X-ray photoelectron spectroscopy (ARXPS) as a function of time. For
very low coverages of up to one closed molecular layer, an initial wetting layer was rapidly formed for
both ILs. Deposition of higher amounts of [C1C1Im][Tf2N] revealed an initial three-dimensional
film morphology. On the time scale of hours, characteristic changes of the XPS signals were observed.
These are interpreted as island spreading and a transformation towards a nearly two dimensional
[C1C1Im][Tf2N] film as the final state. In contrast, a film morphology close to 2D was found from the very
beginning for [C8C1Im][Tf2N] deposited on Ag(111) demonstrating the influence of the alkyl chain length
on the growth kinetics. These studies also highlight the suitability of time-resolved ARXPS for the
investigation of IL/solid interfaces, which play a crucial role in IL thin film applications such as in
catalysis, sensor, lubrication, and coating technologies.
1. Introduction
Ionic liquids (ILs) are salts with relatively low melting points,
often even below room temperature (RT). Besides numerous bulk
applications using ILs as solvents, reaction media, or electrolytes,
the extremely low vapour pressure of ILs has also led to the
development of completely new concepts for IL thin film applica-
tions. In catalysis, thin layers of ILs on solid materials are applied
e.g. in SILP (Supported Ionic Liquid Phase) and SCILL (Solid
Catalyst with Ionic Liquid Layer) systems.1–3 In this context, and
also from a more general point of view, the structure and
composition of the IL/solid interface is of great interest in order
to understand the adsorption and wetting properties of ILs on
solid surfaces. While the wetting of ILs has been studied quite
extensively on the macroscopic and mesoscopic scale, mostly by
contact angle measurements and atomic force microscopy (for a
review see ref. 4), only a few studies are available on the molecular
scale. Detailed knowledge of the interface properties is, however,
indispensable in order to tailor systems for specific applications,
not only in catalysis, but also in other fields such as in lubrication
and sensor technology.5,6 One approach for monitoring the
interaction of ILs with solid surfaces is based on ultra-high
vacuum (UHV) surface science methods, which allow for studying
model IL systems under ultra-clean conditions with atomic level
accuracy.7–10 Since 2008,11 in vacuo physical vapour deposition
(PVD) of ultrathin IL films combined with angle-resolved X-ray
photoelectron spectroscopy (ARXPS) has proven to be a well-
established method to investigate IL/solid interactions, wetting
behaviour, and IL film growth in the coverage range from less
than a monolayer to several multilayers.11–17 Some studies have
shown ways to control the liquid/solid interface, e.g. through
modification of the IL12,15,18 or the solid surface,13,19 or simply
by variation of the temperature of the support.14,20 On the
herringbone-reconstructed Au(111) surface, the formation of the
IL/solid interface in the sub-monolayer range, and the growth
mode of subsequently deposited IL multilayers at RT were studied
in great detail by ARXPS for two related ILs.12,17 The first was
1,3-dimethyl imidazolium bis[(trifluoromethyl)sulfonyl]-imide
([C1C1Im][Tf2N]), that is, an IL with two methyl groups at the
imidazolium cation, and the second was 1-methyl-3-octyl imid-
azolium bis[(trifluoromethyl)sulfonyl]-imide ([C8C1Im][Tf2N]),
that is, the same IL with one octyl chain instead of one of the
methyl groups; see Fig. 1. These systems serve as a reference for
the adsorption on the non-reconstructed Ag(111) surface in the
present study. For both ILs, the formation of a two-dimensional
wetting layer (WL) is observed on Au(111) in the sub-monolayer
coverage range.12 Low-temperature scanning tunnelling micro-
scopy (STM) studies of [C8C1Im][Tf2N] and [C2C1Im][Tf2N]
showed that the nucleation of stable 2D islands typically starts
at the steps of the underlying reconstructed gold surface.21
Notably, even at temperatures as low asB90 K mobile ions are
Lehrstuhl fu¨r Physikalische Chemie 2, Friedrich-Alexander-Universita¨t
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found with STM at the edges of these islands, and above
B200 K individual molecules could not be further resolved
on the STM time scale due to their high mobility.21 Hence, at
RT, the WL presumably resembles a 2D liquid phase of highly
mobile ions more than a stationary phase of strongly adsorbed
ions. Within this WL, at low temperatures21 and at RT,12 [Tf2N]

anions and [CnC1Im]
+ cations are, on average, adsorbed next to
each other in an alternating arrangement, that is, in a so-called
checkerboard structure. The [Tf2N]
 anions are preferentially
bound in a cis conformation with the polar SO2 groups pointing
towards the metal surface and the CF3 groups pointing towards
the vacuum, whereas the imidazolium ring of the cations is
preferentially oriented parallel to the surface. In the case of
[C8C1Im][Tf2N], the octyl chains initially lie horizontally on the
surface to maximise the van der Waals interactions with the
metal. When the WL gets close to completion, reorientation
occurs with the octyl chains preferentially bending away from
the surface to maximise adsorption of the polar head groups of
anions and cations.12,21 Formultilayer adsorption of [C1C1Im][Tf2N]
and [C8C1Im][Tf2N] on Au(111), 2D layer-by-layer growth is
observed, as is deduced from the attenuation characteristics
of the underlying gold core level signals in ARXPS.12 Note that
for multilayer coverages, no stable STM pictures could be taken
even at liquid nitrogen temperature.
In the ARXPS experiments for ILs on Au(111) described
above,12 no obvious time-dependent changes were observed.
For the structurally more corrugated Au(110) surface, however,
Foulston et al. recognised in time-dependent ultraviolet photo-
electron spectroscopy (UPS) experiments that after depositing
more than one molecular layer of [C2C1Im][Tf2N], a slow decay
in the gold s-band signal intensity occurred over time.20
The authors attributed the observed behaviour to the initial
formation of three-dimensional IL droplets on top of the first
wetting layer, which then spread towards a more homogeneous
film. It should be noted that the clean 2  1-reconstructed
Au(110) surface undergoes a (3  1)-reconstruction after coating
with one layer of ions, which might have an influence on the
spreading mechanism.
In contrast to the situation for Au(111), the growth of ultra-
thin IL layers on Ag(111) as a model support for IL films at RT
has been much less investigated up to now. Notably, Ag(111)
does not reconstruct like Au(111) and Au(110), neither as a clean
surface nor after adsorbing thin layers of [C1C1Im][Tf2N] or
[C8C1Im][Tf2N]. Due to its low reactivity towards the chosen
ILs, it is a good candidate for investigating IL-inherent film
growth dynamics, that is, without potential structural changes of
the substrate. Moreover, metallic silver is interesting, because
it is a catalyst, e.g. in oxygen-assisted coupling reactions, as
has been shown for Ag/Au alloys, where molecular oxygen is
activated by surface silver atoms.22,23 Potential applications of
these alloy systems in SCILL catalysis raise additional interest in
molecular level studies of the interaction of Ag with ILs.
Low-temperature STM investigations report that sub-
monolayer amounts of [C2C1Im][Tf2N] and [C8C1Im][Tf2N] exhibit
a similar mobility on Ag(111) as on Au(111); only at temperatures
below 200 K, condensed phases are formed and immobile ions
could be observed by STM in the sub-monolayer regime. However,
even below 100 K, indications of a mobile liquid 2D phase in
equilibrium with the condensed phase were observed.21
In this work, the time-dependent behaviour of multilayer
[C1C1Im][Tf2N] and [C8C1Im][Tf2N] films deposited on Ag(111)
at room temperature will be investigated using ARXPS. It will be
shown that the characteristic difference between these ILs –
that is the long octyl chain substituent at the imidazolium head
group – leads to very different initial film morphologies and, in
the case of [C1C1Im][Tf2N], to slow changes on the time scale of
hours. As final states, nearly flat films are obtained for both
ILs. Our findings might be relevant for all applications where
coatings of thin IL layers on solid surfaces are used.
2. Experimental
The round Ag(111) single crystal with a diameter of 15 mm and
a thickness of 2 mm was purchased from MaTecK with a purity
of 99.999% and one side polished and aligned to the (111)
plane with an accuracy better than 0.11. It was mounted to a
Mo sample holder and fixed with a Ta wire. Surface preparation
was done in UHV by sputtering with 0.6 keV Ar+ ions followed
by annealing at 800 K. The sample cleanliness and long range
order were checked by XPS and low energy electron diffraction
(LEED), respectively. The ionic liquids [C1C1Im][Tf2N] and
[C8C1Im][Tf2N] were synthesized under ultrapure conditions
according to previous publications.24
For our study, we used a two-chamber UHV system for
preparation (sputtering, annealing, IL PVD, LEED) and analysis
(ARXPS), with a base pressure of 5  1011 mbar. We deposited
the defined amounts of IL onto the freshly prepared Ag(111)
crystal via PVD, using a Knudsen cell.12 The cell temperatures
during evaporation ranged from 380 to 430 K, at a maximum
chamber background pressure of 2  109 mbar. In this tem-
perature range, the ILs evaporate and arrive on the target surface
as single ion pairs without any signs of decomposition as reported
earlier in the literature.11,20,25 This behaviour was confirmed by
comparing XP spectra of our deposited films to the spectra of
macroscopically thick IL films prepared ex situ (see Tables S1 and
S2 in the ESI†). The IL flux was checked using a quartz crystal
microbalance (QCM) for each deposition experiment in order to
verify the stable evaporation rates. IL deposition rates at the
Ag(111) surface between 0.02 and 0.7 nm min1 were employed.
Fig. 1 Molecular structures of (a) 1,3-dimethyl imidazolium bis[(trifluoro-
methyl)sulfonyl]-imide, [C1C1Im][Tf2N], and (b) 1-methyl-3-octyl imidazolium
bis[(trifluoromethyl)sulfonyl]-imide, [C8C1Im][Tf2N].
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IL deposition started when the temperature of the previously
annealed silver crystal was between 295 and 320 K, unless
stated otherwise. Above 330 K, IL multilayer desorption effects
started to occur during extended ARXPS experiments. For the
study of ultrathin IL films, X-ray beam damage plays a crucial
role.12 In order to avoid undesired effects due to high X-ray
doses, each film for one deposition experiment was freshly
prepared on a clean Ag(111) surface after completely removing
the previous film by sputtering and annealing.
The XP spectra where acquired with a VG SCIENTA R3000
hemispherical electron analyser at polar emission angles of
W = 01 and 801 with respect to the surface normal using a non-
monochromated SPECS XR 50 Al Ka X-ray source (1486.6 eV
photon energy) at a power of 240 W. All spectra were measured
with a pass energy of 100 eV yielding an overall energy resolu-
tion of about 0.9 eV.
Background subtraction and peak fitting was done using
CasaXPS V2.3.16Dev6. The background of the Ag 3d core level
was subtracted with the Shirley method.26 F 1s, O 1s and S 2p
core levels were treated using a two-point linear background,
C 1s with a three-point linear background. In the N 1s region, the
overlap with plasmons, shake-up satellites and the inelastically
scattered electrons of the Ag 3d lines made the subtraction
of an additional background necessary.27–30 The N 1s spectra
shown herein result from a least-squares fit of the IL N 1s peaks
and the Ag 3d satellites (constrained to the parameters of
the clean Ag(111) surface) followed by a subtraction of the Ag
satellite contributions from the raw signal.30 For further
details, see the ESI.† The IL spectra were fitted with a Voigt
profile (30% Lorentzian contribution). For the C 1s spectra, a
constraint of the full width at half maximum fwhm(Chet) = 1.11
fwhm(Calk), was applied in accordance with previous studies.
12,24
For the ultrathin IL films, all binding energies (BEs) reported
were referenced to the silver Fermi edge, yielding a binding
energy for the Ag 3d5/2 signal of 368.2 eV.
The IL film growth on Ag(111) was monitored through the
changes in the Ag 3d intensity upon IL deposition. For a homo-
geneous 2D IL film of thickness d, the intensity of the Ag-related
signal, Id, should be attenuated with respect to the intensity of
the clean crystal, I0, by inelastic scattering according to:
Id
I0
¼ e dlcos W (1)
W is the detection angle relative to surface normal and l the
inelastic mean free path of the electrons, which depends on the
kinetic energy of the respective core level and the composition
of the IL film.31 For Ag 3d electrons with a kinetic energy
around 1.1 keV, a value of l = 2.5 nm was used for the ILs
[C1C1Im][Tf2N] and [C8C1Im][Tf2N]. This value was obtained by
linear interpolation of values for l of previous measurements
of these and similar ILs at higher and lower kinetic energies on
gold, graphene, mica, nickel, nickel oxide and silicon oxide
substrates.11–13,15,32 For quantifying the attenuation of the
substrate, the numerically integrated area of the Ag 3d region
(Ag 3d3/2 + Ag 3d5/2 levels) between 360 and 380 eV after
background subtraction was used.
For the sake of clarity, it should be noted that for ideal layer-by-
layer growth (i.e., the full completion of a layer is achieved before a
new layer starts to grow on top) the substrate signals should decrease
in a section-wise linear fashion for each layer.12,13,33 The statistics of
our data are, however, not good enough to unequivocally resolve
such slope changes between adjacent straight sections. In order to
detect deviations from 2D film growth, we calculated the mean film
thickness d for a given deposition experiment from the experimental
Id/I0 ratios at W = 01, that is, in the bulk-sensitive emission geometry,
according to eqn (1).12 With the obtained d value, the expected
attenuation at W = 801, that is, in the surface-sensitive emission, was
then calculated using the same equation (see dashed line in Fig. 2).
While the agreement between the experimental data at 801 and the
calculation at 801 indicates 2D growth, Id/I0 ratios above the calcu-
lated curve indicate a 3D morphology of the IL film; such behaviour
has been described for several other systems.13,15,19,32 Notably, in the
present study the IL films with a 3D morphology (in particular
[C1C1Im][Tf2N]) were found to change their morphology towards 2D
over time, as evidenced by a change of the Id/I0 ratio after IL
deposition was stopped. Therefore, all the mean IL layer thicknesses
d denoted in this work were derived only after these changes levelled
off, that is, when maximum attenuation of the silver signals – and
thus, a sort of final state – was reached; this was typically the case
between one and two hours after the IL deposition.
In accordance to previous publications, 1 ML is defined
as a closed double layer of ions irrespective of their relative
arrangement.11–13,15,18 The corresponding height h is estimated
from the cube root of the molecular volume Vm of the
respective IL
h ¼
ffiffiffiffiffiffiffi
Vm
3
p
¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M=NA
r
3
s
(2)
Fig. 2 Attenuation of the Ag 3d intensity in 01 and 801 emission angles as a
function of the layer thickness d of the ILs [C1C1Im][Tf2N] and [C8C1Im][Tf2N]
on Ag(111) at RT. The curves for 2D growth are calculated from eqn (1) with an
inelastic mean free path l of 2.5 nm and the corresponding detection angles.
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with M is molecular mass, r is density of the IL and NA is
Avogadro’s constant.34 According to this relation, h is 0.73 nm
for [C1C1Im][Tf2N] and 0.84 nm for [C8C1Im][Tf2N] using the
values for Vm from the literature.
34
Time-dependent ARXPS measurements were started
immediately after the deposition of the respective IL. Because
the sample needed to be transferred from the preparation
chamber to the analysis chamber of our UHV system between
IL deposition and XPS measurement, the first data point could
only be obtained approximately 4 minutes after the end of the
IL deposition. For the subsequent acquisition of spectra at 01
and 801 the sample had to be rotated between measurements.
Changing the sample angle between the scans had no noticeable
influence on the outcome of the time-dependent measurements.
The acquisition time for the Ag 3d region was approximately
2 minutes. The time values given in the corresponding figures
represent the start of each measurement.
3. Results and discussion
3.1. Growth of [C1C1Im][Tf2N] and [C8C1Im][Tf2N] on Ag(111)
Fig. 2 shows the attenuation of the Ag 3d substrate signal Id/I0
as a function of the IL film thickness after deposition
of [C1C1Im][Tf2N] and [C8C1Im][Tf2N] on Ag(111) for 01 and
801 emission. The thickness values d correspond to times
after deposition, when no further changes were observed (see
Section 3.2); for [C1C1Im][Tf2N], this could last in some cases
for more than 1 h after the end of the deposition. Both ILs
exhibit similar attenuation characteristics for increasing amounts
of IL deposited. As expected, the substrate signal intensity
decreases with increasing film thickness. Up to 0.5 ML coverage,
the measured 01 and 801 intensity ratios Id/I0 strictly coincide
with the calculated values (solid and dashed lines, respectively),
indicating the formation of a 2D wetting layer (WL) on Ag(111); a
similar behaviour was already observed for the growth of both
ILs on Au(111).12
Upon further deposition on Ag(111), we find that the values
for 801 are systematically larger than the calculated curve,
indicating a certain degree of 3D morphology. This contrasts
the situation on Au(111), where a more or less perfect 2D layer-
by-layer growth was observed in the IL multilayer range.
Pronounced 3D island growth on top of a WL was, however, also
observed in ARXPS measurements for [C1C1Im][Tf2N] deposited
on Ni(111),13 and even more pronounced, on a single graphene
layer on Ni(111).32 Since on Ag(111) only small deviations from the
curve for ideal 2D growth are found for both ILs, the films finally
obtained are considered to be more or less flat as indicated by the
right scheme shown at the bottom of Fig. 2.
In the following, the molecular arrangement within the
WL on Ag(111) will be discussed in detail for both ILs. We
want to emphasize that the structures and the preferential
orientations discussed here should not be considered as rigid
but as averaged configurations, due to the high mobility of the
ions at RT. Fig. 3 shows the C 1s spectra measured at 801
for [C1C1Im][Tf2N] films of varying thickness, ranging from
sub-monolayer coverage to multilayers, for a macroscopic film
prepared ex situ (topmost spectrum), and for the clean Ag(111)
surface (bottom spectrum). The two distinct signals Canion at
B293 eV and Chetero at B287 eV correspond to the two carbon
atoms in the CF3 groups of the [Tf2N]
 anion and the five
carbon atoms in the imidazolium cation bound to the hetero
atom nitrogen, respectively. Consequently, the C 1s region
allows for the simultaneous analysis of both the cations and
anions. The quantitative XPS analysis of the spectra is shown in
Fig. 4. Because the IL adsorbs in the form of neutral ion pairs
on the surface, deviations from the expected stoichiometry have
to be assigned to the arrangement and orientation of the ions.
For film thicknesses below 0.5 ML, the ratios of the anionic to
cationic carbon atoms are around 0.7 (similar to [C1C1Im][Tf2N]
on Au(111)12), which is considerably larger than the nominal
ratio of 2 : 5 = 0.4. This observation is attributed to the strong
damping of the cation signals due to a specific adsorption
geometry: the imidazolium head groups lie parallel to the metal
surface and the larger anions adsorb with a cis conformation in
an upright geometry, that is, with the oxygen atoms pointing
toward the surface and the CF3 groups away from the surface.
In this arrangement, due to their orientation and larger size,
the anions in the checkerboard structure extend, on average,
farther away from the Ag surface than the cations and thus
attenuate the cation signals at 801 due to inelastic scattering;
see sketch in Fig. 5 (top).12 Low-temperature STM studies of
similar ILs also showed this adsorption geometry of the [Tf2N]

Fig. 3 C 1s core level spectra in 801 emission for PVD films of
[C1C1Im][Tf2N] on Ag(111) (at RT) from sub-monolayer coverages to multi-
layers compared to a macroscopic (thick) film. Upon completion of the
wetting layer, the Chetero peak shifts by about +0.3 eV while the Canion peak
shows no significant shift.
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anion on Ag(111).21 We also studied the sub-monolayer films of
[C1C1Im][Tf2N] on Ag(111) by LEED (see ESI†). The absence of
any super structure spots around the substrate related (1  1)
spots confirms that, as expected, the Ag(111) surface does not
undergo reconstruction upon IL deposition.
Above 0.5 ML, the Canion to Chetero ratio gradually decreases
to a value of B0.47 for films thicker than 1.5 ML; see Fig. 4.
This final value is also observed for macroscopic films of this
IL.12,13,24,35 Apparently, above 1.5 ML the templating influence
of the solid/liquid interface on the structure in the remaining
IL film is overcome and a liquid/vacuum interface structure like
that of the macroscopic [C1C1Im][Tf2N] films develops, as
shown schematically in Fig. 5.
Next, we discuss the behaviour of the IL with the octyl chain,
[C8C1Im][Tf2N], on Ag(111). Fig. 6 shows the corresponding C 1s
spectra measured at 801, along with a spectrum of the clean
Ag(111) surface (bottom spectrum). In addition to the carbon
signals discussed for [C1C1Im][Tf2N], we now find a third
contribution at B285 eV, due to the seven Calkyl carbon atoms
of the aliphatic side chain of the imidazolium cation; the
remaining carbon atom of the octyl chain is part of the Chetero
peak at 287 eV. With increasing film thickness, the ratio of
the Chetero to the Calkyl peak intensities in Fig. 7 shows strong
changes. At low coverages, this ratio isB0.65 which is close to
the nominal ratio of 0.71 (=5 : 7). In agreement with the find-
ings on Au(111),12 this behaviour is attributed to an adsorption
geometry of the cation, where both the ring and the alkyl chain
lie flat on the surface, thereby maximising the interactions with
the substrate. Similar to the situation for [C1C1Im][Tf2N] on
Ag(111) discussed above, the ratio of Canion to Chetero initially is
B0.7 for the initial WL, indicating an analogous anion adsorp-
tion geometry with cis conformation, that is, with the CF3
groups pointing away from the surface. Upon completion of
the WL atB0.5 ML, the ratio Chetero to Calkyl changes quickly to
a value of about B0.35, which indicates a pronounced surface
enrichment of the alkyl chains; this surface enrichment is even
stronger than that for thick films, where a ratio of about 0.45
is observed.12,13,24,35 Again, this behaviour is similar to that
described for Au(111), where the following mechanism was
proposed, which should also be valid here: as the WL closes,
it becomes energetically more favourable for the alkyl chains
to bend away from the surface, thereby allowing additional
Fig. 4 Ratio of the Canion to Chetero peak areas in the C 1s region (801
emission) as a function of the film thickness in ML of [C1C1Im][Tf2N] on
Ag(111) at RT. The horizontal lines mark the nominal ratio (0.4) and the ratio
observed for macroscopic (thick) films in 801 emission (0.47). The devia-
tions for the thick film from the nominal ratio are due to a preferential
surface enrichment of the CF3 groups of the anion.
Fig. 5 Schematic of the different stages of the film growth from a
checkerboard (top) for coverages o0.5 ML to a still preferentially anion
enriched, but less structured multilayer vacuum interface.
Fig. 6 C 1s core level spectra in 801 emission for PVD films of
[C8C1Im][Tf2N] on Ag(111) (at RT) from sub-monolayer coverages to multi-
layers compared to a macroscopic (thick) film. Towards the completion of
the WL the Calkyl peak shifts by about +0.5 eV while the Canion peak appears
to remain almost unshifted up to multilayer coverages (for details see text).
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arriving IL molecules to adsorb directly on the metal.12 Accord-
ingly, a notable shift of the Calkyl peak of about +0.5 eV is
observed between 0.3 and 0.6 ML, because the chains move
further away from the silver surface and the efficiency of core
hole screening decreases. A similar effect was observed on
Au(111) and was attributed to a higher degree of final state
screening for the chain in direct contact with the surface.12
Upon further IL deposition, the C 1s peak ratios slowly converge
towards the respective values of a macroscopic film where a
less strict enrichment of the alkyl chains at the IL/vacuum
interface occurs.
3.2 Time-dependent behaviour of [C1C1Im][Tf2N] and
[C8C1Im][Tf2N] on Ag(111)
After focussing mainly on the general growth behaviour and the
formation of the IL/Ag(111) interface, we next address the time-
dependent behaviour of the morphology of the IL films. Fig. 8
depicts representative results of the time evolution of the XP
signals of [C1C1Im][Tf2N] and [C8C1Im][Tf2N] on Ag(111) at RT.
The intensity ratio Id/I0 of the Ag 3d signals is plotted versus
the time after ending the deposition of IL films, for nominal
(that is, final) thicknesses of 1.5 (left) and 3.2 nm (right). The
[C1C1Im][Tf2N] film shows a strong time-dependent behaviour.
In the beginning, the Ag intensity is still rather high for both
emission angles, but it then decreases substantially on the time-
scale of hours before reaching a plateau. The time-dependent
decrease in the substrate intensity after the end of [C1C1Im][Tf2N]
deposition at RT is consistent with the findings by Foulston
et al.20 for [C2C1Im][Tf2N] on Au(110). There, after initial droplet
formation a slow spreading over time was observed. For times
longer than 2 hours after the deposition experiment, the substrate
signals tend to increase again which most likely is a result of slow
desorption of the IL multilayers and perhaps some small con-
tribution due to beam damage. The effect of beam damage on
thin IL films was previously reported in detail by Cremer et al.12
Notably, Foulston et al. did not observe beam damage on ultrathin
IL films in their UPS experiments, but highly destructive effects
by incident electron beams during LEED and Auger electron
spectroscopy.20 In reference experiments using very different
X-ray exposure times, we confirmed that the observed initial
time-dependent decay of the silver signals after [C1C1Im][Tf2N]
deposition is not induced by the incident photon beam (see ESI†).
Unlike the situation for [C1C1Im][Tf2N], there is no time-
dependent decay in the substrate intensity after the deposition of
[C8C1Im][Tf2N]. The final state of the intensities in 01 and 801 are
similar for both ILs indicating that the final film morphologies at
this point are comparable.
Fig. 7 Ratios of the Chetero to Calkyl (top) and the Canion to Chetero (bottom)
peak areas in the C 1s region (801 emission) as a function of the film
thickness of [C8C1Im][Tf2N] on Ag(111) at RT. The horizontal lines mark the
nominal ratios and the ratios observed for macroscopic films in 801
emission. The deviations of the thick films from the nominal respective
ratios are due to a preferential surface enrichment of the alkyl chain of the
cation (top) and the CF3 groups of the anion (bottom).
Fig. 8 Time-dependent ARXPS of the IL films of [C1C1Im][Tf2N] and [C8C1Im][Tf2N], respectively, after ending the IL deposition of equivalents of
(a) 1.5 nm and (b) 3.2 nm on Ag(111) at RT.
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The 01 emission data for nominal thicknesses of 1.5 and
3.2 nm [C1C1Im][Tf2N] in Fig. 8 show initial Id/I0 values of 0.81
and 0.78, respectively, directly after deposition, which corre-
sponds to the apparent layer thicknesses of only B0.5 and
0.6 nm, respectively; this is considerably less than the mean
height of an ion pair (0.73 nm). The small initial attenuation of
the silver signal is in line with a configuration of high 3D IL
islands (droplet) formed onto a closed wetting layer (average
height: 0.37 nm), with most of the substrate signal from areas
beneath the 3D islands attenuated. We cannot rule out,
however, that upon deposition the 3D islands are initially
formed directly on the Ag(111) surface, before the 2D WL has
fully developed, and that uncovered parts of the Ag surface
contribute to the XP signal. With time, the 3D islands spread to
form films with a final apparent film thickness several times
larger than the apparent initial value. For the 1.5 nm film (left),
the increase is a factor of B3, and for the 3.2 nm film (right),
the increase is a factor of B5.
Complementary time-dependent measurements were
performed for the C 1s and N 1s regions after the deposition
of 1.7 nm [C1C1Im][Tf2N] on Ag(111) at 300 K. They show an
increase in the intensity of the IL-related peaks, which goes
along with the decrease of the Ag 3d intensity; see Fig. 9. The
quantitative analysis of the Chetero and Canion signals is shown
in Fig. 10 as a function of time after the deposition, along with
the decaying Ag signal. As also evident from Fig. 9, mainly the
cationic Chetero and Ncation signals increase: within 75 min, the
Chetero peak increases by B60%. The anionic C 1s peak also
increases, but only byB25%. The cation and anion-related N 1s
peaks show a very similar trend. The observed ratios indicate
that in the initial configuration after [C1C1Im][Tf2N] deposition,
the anions with their CF3 groups pointing outwards are pre-
ferentially enriched at the outer IL/vacuum interface of the IL
islands. Over time, as the islands spread, the enrichment of the
anions at the IL/vacuum interface decreases, which indicates
that the change in island morphology also includes a change in
surface composition.
Next, we want to address the possible reasons for the time-
dependent changes in the morphology of the [C1C1Im][Tf2N]
films and the different behaviour observed for [C8C1Im][Tf2N].
The initial formation of comparably high 3D [C1C1Im][Tf2N]
islands on-top of the closed wetting layer, and the subsequent
time-dependent transformation to nearly flat films indicates the
existence of two very different timescales. Upon impact, the IL
ion pairs have to be very mobile on the surface, to immediately
agglomerate into 3D islands. The driving force likely is the
energy gain due to a much higher coordination of the individual
ions in a three-dimensional structure, as compared to individual
ion pairs on the WL. The formation of stable 2D [C1C1Im][Tf2N]
islands on the WL from individual ion pairs obviously does
not occur on the same time scale as the 3D growth; otherwise,
the nearly-flat film morphology as the final state should evolve
from the very beginning. We attribute this observation to the
instability of the small 2D islands, which would serve as nuclei
for further 2D growth. Most likely, statistically formed small 2D
islands very quickly disintegrate due to the lack of stabilisation
by neighbouring ions. After the end of the deposition process, we
experimentally observe the slow (on the timescale of hours)
transformation towards a flat morphology. This behaviour
indicates that the extended regions of flat arrangements (layer-
by-layer) are thermodynamically more stable than the 3D
islands. The initial formation of the 3D islands is assigned to a
kinetic stabilisation. Possible reasons for the slow timescale of
the transformation to a 2D morphology could be a high activa-
tion barrier for the detachment/emission of an ion pair from the
3D island to the uncovered WL (or successive flat layers), or the
Fig. 9 C 1s and N 1s core level spectra in 801 emission for different times after the deposition of 1.7 nm of [C1C1Im][Tf2N] on Ag(111) at RT. The nominal
ratios are Canion :Chetero = 2 : 5 in the C 1s spectrum andNcation :Nanion = 2 : 1 in the N 1s spectrum. Note how the anion signals dominate in the early stages
while the expected ratios are approached only towards the end of the spreading process.
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above mentioned low probability for forming stable 2D nuclei
due to the required minimum nucleus size.
The different behaviour observed for [C8C1Im][Tf2N] is
attributed to a stabilisation of the IL ion pairs on the WL (or
successive flat layers) by the octyl chains; it has been reported
that the dispersive attractions between the alkyl chains of
[C8C1Im][Tf2N] can be as large as 20% of the Coulomb inter-
action between the ionic components.25,36 Similar interactions
are also expected with the Ag(111) substrate or the underlying
wetting layer. This stabilisation could on the one hand make
the initial formation of 3D islands less favourable and on the
other hand lead to a higher probability for the formation of 2D
islands from IL ion pairs that are emitted from the 3D islands;
in addition, the octyl chain might also lead to a lower activation
barrier for the detachment of IL ion pairs from the 3D islands.
As mentioned in the introduction, time-dependent changes
from a 3D morphology to a 2D morphology have previously
been observed by Foulston et al. for a related IL, namely
[C2C1Im][Tf2N] on Au(110).
20 The authors also proposed the
fast initial formation of 3D islands (droplets). These droplets
are kinetically controlled such that with time an activation
barrier is overcome, allowing for dissociation into free ions
and movement of these free ions to form layers of IL on the
surface. The activation energy for this flattening process was
proposed to reside in either the dissociation of the ion pairs,
the movement of ions, or both.
Foulston et al. also showed that upon lowering the substrate
temperature to 128 K which is well below the glass transition
temperature Tg of the IL, the very limited surface diffusion leads to
simultaneous multilayer growth. In this case, no initial droplet
formation of [C2C1Im][Tf2N] on Au(110) could be observed.
20 This
behaviour could also be reproduced in the present study for the
deposition of thin films of [C1C1Im][Tf2N] and [C8C1Im][Tf2N],
respectively, on Ag(111) at 87 K, see Fig. 11. Also upon heating after
deposition, the ILs did not show a time-dependent behaviour,
which supports the above mentioned mechanism for the initial
droplet formation during the deposition at RT.
4. Conclusions
With the aim of understanding the fundamental aspects relevant
for the application of SILP or SCILL catalysts, particularly the
wetting behaviour of thin IL films, we studied the interaction
of two model ILs, [C8C1Im][Tf2N] and [C1C1Im][Tf2N], with
the Ag(111) surface by quantitative angle-resolved XPS on the
molecular level. Upon the formation of the initial liquid/solid
interface, the cations and anions adsorb in a checkerboard
arrangement, that is, they form a wetting layer with both ions
in contact with the Ag(111) surface. The same initial behavior
was observed previously for the two ILs on the Au(111) surface.12
For higher coverages, a certain degree of 3D island growth
occurs, which contrasts with the behaviour on Au(111).12
A similar growth behaviour, however, has already been reported
in the literature e.g. for [C1C1Im][Tf2N] on other surfaces.
13,32
Upon deposition of larger amounts of IL, we find a very
interesting difference for the two ILs: for [C1C1Im][Tf2N] we
observe strong changes in the XP signals after the end of the
deposition process on the time-scale of hours; we interpret
these changes as a time-dependent change of the film mor-
phology. For [C8C1Im][Tf2N], no such changes are found. The
final film morphology appears to be very similar for the two ILs.
Our detailed time-dependent measurements indicate that for
[C1C1Im][Tf2N] initially large 3D IL islands (droplets) form on a
very fast time scale, that is, much faster than the time needed
for an XPS scan (that takes typically several minutes). These
droplets then spread over time into a nearly two-dimensional
film on a much slower timescale in the order of hours. The final
structure is very similar to the one formed for [C8C1Im][Tf2N]
from the very beginning. Time-dependent changes have pre-
viously also been found for [C2C1Im][Tf2N] on a reconstructed
Au(110) surface using UV photoelectron spectroscopy.20 As a
general conclusion, we propose that the observed behaviour
strongly depends on the molecular structure, that is, in our case
the alkyl substituents at the cationic imidazolium head group.
We argue that the stabilization of the cation on the surface by
van der Waals interactions of the octyl chain is responsible for
Fig. 10 Intensities of the Chetero and Canion signals in the C 1s region from
time-dependent XPS in 801 emission after the deposition of 1.7 nm of
[C1C1Im][Tf2N] on Ag(111) at RT. The decay of the intensity of the Ag 3d line
is shown in grey for reference.
Fig. 11 Time-dependent ARXPS of the IL films after ending the deposition
of 2.1 nm of [C1C1Im][Tf2N] and 3.8 nm of [C8C1Im][Tf2N], respectively, on
Ag(111) at low temperature (87 K).
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the immediate formation of nearly two-dimensional films,
while for imidazolium-based ILs with only methyl or ethyl
groups, initially large 3D droplets are formed. The fact that
the same slow IL-spreading behaviour is found for Ag(111) and
for the reconstructed Au(110) surface is taken as a strong
indication that a pronounced influence of the metal surface
reconstruction on this process can be excluded.
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Figure S1: N 1s signal in 0° emission of 2.8 nm of [C8C1Im][Tf2N] on Ag(111). The peak at 
higher BE corresponds to the two N atoms in the cationic imidazolium ring and the peak at 
lower BE to the single N atom in the anion. The peaks overlap strongly with satellites of the 
Ag 3d line of the substrate. A least-squares fit of the N 1s peaks together with the satellites was 
used to deal with the complicated background. The lower spectrum shows the IL related N 1s 
spectrum after subtraction of the substrate contributions of the spectra.
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2Composition of IL films on Ag(111) from PVD compared to macroscopic 
films
Table S1: Film composition as measured by XPS of a 3.7 nm thin film of [C1C1Im][Tf2N] on 
Ag(111) (left) and a macroscopic droplet (right) at RT in 0° emission. Nominal ratios are given 
in brackets.
component Chet 1s Can 1s Ncat 1s Nan 1s O 1s F 1s S 2p
atom ratio
5.3 / 4.9 
(5)
2.0 / 2.1 
(2)
1.8 / 2.1 
(2)
1.2 / 1.1 
(1)
4.1 / 3.9 
(4)
5.9 / 5.9 
(6)
1.8 / 2.0 
(2)
FWHM / eV 1.9 / 1.7 1.5 / 1.3 1.4 / 1.4 2.0 / 1.4 1.7 / 1.5 2.0 / 1.9 1.8 / 1.4
BE / eV 287.0 / 
287.0
293.1 / 
293.0
402.2 / 
402.3
399.6 / 
399.6
532.8 / 
532.8
689.0 / 
688.9
169.0 / 
169.1
Table S2: Film composition as measured by XPS of a 2.9 nm thin film of [C8C1Im][Tf2N] on 
Ag(111) (left) and a macroscopic droplet (right) at RT in 0° emission. Nominal ratios are given 
in brackets.
component Calk 1s Chet 1s Can 1s Ncat 1s Nan 1s O 1s F 1s S 2p
atom ratio 6.8 / 7.3 
(7)
4.9 / 5.1 
(5)
1.9 / 2.1 
(2)
2.1 / 2.0 
(2)
1.1 / 1.0 
(1)
4.0 / 3.9 
(4)
6.4 / 5.7 
(6)
1.8 / 1.9 
(2)
FWHM / eV  1.5 / 1.4 1.7 / 1.6 1.4 / 1.4 1.6 / 1.4 1.4 / 1.5 1.5 / 1.5 1.9 / 1.9 1.4 / 1.3
BE / eV 285.0 / 
285.0 
286.9 / 
286.9
292.9 / 
293.0
402.1 / 
402.2
399.5 / 
399.6
532.7 / 
532.8
688.9 / 
688.9
169.0 / 
169.1
3RT LEED study for sub-ML coverages of [C1C1Im][Tf2N] on Ag(111):
0 ML
(clean Ag(111))
0.2 ML
0.3 ML
0.5 ML
Figure S2: LEED series for sub-ML coverages of [C1C1Im][Tf2N] on Ag(111) at 300 K. The 
weak feature on the left side of the pictures is the shadow of the sample holder.
Reference experiment with low X-ray exposure after deposition of 
[C1C1Im][Tf2N] on Ag(111):
0 30 60 90 120 150 180 210 240
0.0
0.2
0.4
0.6
0.8
1.0 continuous X-ray exposure:  0°  80°
minimal X-ray exposure:       0°  80°
I d/
I 0 
(A
g 
3d
)
Time after end of deposition / min
Figure S3: Time-dependent ARXPS of the IL film after ending the deposition of 
[C1C1Im][Tf2N] on Ag(111) at RT. The red triangles represent the data of Figure 8a. The green 
circles show data for a reference experiment with much lower exposure to X-rays, in which the 
sample was moved out of the X-ray beam between the scans in order to reduce the exposure 
for the measurements at ~180 min by more than a factor of 4.
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Anion Exchange at the Liquid/Solid Interface of Ultrathin
Ionic Liquid Films on Ag(111)
Matthias Lexow,[a] Bettina S. J. Heller,[a] Florian Maier,[a] and Hans-Peter Steinru¨ck*[a]
Thin ionic liquid (IL) films play an important role in many
applications. To obtain a better understanding of the ion
distribution within IL mixture films, we sequentially deposited
ultrathin layers of two ILs with the same cation but different
anions onto Ag(111), and monitored their dynamic behaviour by
angle-resolved X-ray photoelectron spectroscopy. Upon deposit-
ing [C8C1Im][PF6] on top of a wetting layer of [C8C1Im][Tf2N] at
room temperature (RT), we found a pronounced enrichment of
the [Tf2N]
 anions at the IL/vacuum interface, due to a rapid
anion exchange at the IL/solid interface. In contrast, at 90 K, the
[Tf2N]
 anions remain at the IL/solid interface. Upon heating, we
observe a rearrangement of the cations between 140 and 160 K,
such that the octyl chains preferentially point towards the
vacuum. Above 170 K, the ions start to become mobile, and at
220 K, the anion exchange is completed, with the [Tf2N]
 anions
enriched at the IL/vacuum interface in the same way as found
for deposition at RT. The temperature range for the anion
exchange corresponds well to glass transition temperatures
reported in literature. We propose two driving forces to be
cooperatively responsible for the replacement/exchange of
[Tf2N]
 at the IL/solid interface and its enrichment at the IL/
vacuum interface. First, the adsorption energy of [C8C1Im][PF6] is
significantly larger than that of [C8C1Im][Tf2N], and second, the
surface tension of [C8C1Im][Tf2N] is lower than that of [C8C1Im]
[PF6].
Ionic liquids (ILs) are salts with comparably low melting points,
often even below room temperature (RT). As ultrathin films,
they are of utmost interest in current and potential future
applications in catalysis,[1–3] sensors,[4] lubrication,[5,6] separa-
tion,[7,8] and electrochemistry,[9] to name only a few. In these
examples, the liquid/solid interface determines the function,
performance and stability of the respective system. Therefore,
and also from a fundamental interest in the structure and
formation of liquid/solid interfaces, the adsorption and wetting
properties of ILs on solid surfaces are studied on the
molecular,[10,11] mesoscopic[12] and macroscopic scale.[13] Only
detailed knowledge of the interface properties allows for
tailoring systems for specific applications. Using mixtures of ILs
promises an even larger parameter space for targeted applica-
tions of ultrathin IL films. For such systems, many fundamental
questions concerning the nature of the IL/support and IL/gas
(vacuum) interfaces arise immediately. What is the composition
and structure? Are there preferential adsorption, segregation,
and enrichment phenomena? How do these effects depend on
temperature and on the nature of the IL constituents? All these
questions are of high relevance, since the corresponding
behaviour determines the nature and stability of these
interfaces in any technical application.
The extremely low vapour pressure and excellent thermal
stability of many ILs enable not only their use under extreme
conditions, but also their investigation in ultra-high vacuum
(UHV) under well-defined conditions with atomic level accu-
racy.[2,14,15] Physical vapour deposition (PVD) combined with
angle-resolved X-ray photoelectron spectroscopy (ARXPS) has
proven as a well-established method to investigate IL/solid
interactions, wetting behaviour, and IL film growth.[16] The
accessible coverages range from sub-monolayers to several
multilayers.[16–20] In previous model studies, the properties of
the liquid/solid interface of ultrathin IL films were found to
depend on the structure of the IL,[17] the nature of the solid,[21]
and temperature.[10,18,22]
Herein, we investigate phenomena that occur when ultra-
thin layers of ILs are successively deposited on the Ag(111)
surface. Using ARXPS, we demonstrate that ion exchange
processes occur and how they can be influenced by temper-
ature. The two investigated ILs are 1-methyl-3-octyl imidazo-
lium bis[(trifluoromethyl)sulfonyl]imide, [C8C1Im][Tf2N], and 1-
methyl-3-octyl imidazolium hexafluorophosphate, [C8C1Im][PF6].
While the former has been studied as neat IL on Ag(111)
before,[10,15] making this system an excellent reference system,
the latter is so far unexplored in this context. The different
chemical environments in the two anions (top of Figure 1) yield
distinct chemical shifts of the respective F 1s binding energies
in XPS. This allows for a direct comparison of the relative
occurrence of the respective anion in the bulk and at the
interfaces of ultrathin IL films. Changes in signal intensity by
varying surface sensitivity in ARXPS directly reflect surface
enrichment or depletion of one of the anions.
To begin with, we discuss the effects occurring upon
successive deposition of [C8C1Im][Tf2N] and [C8C1Im][PF6] at
room temperature (RT). Figure 1 shows F 1s ARXP spectra at
emission angles of 08 and 808, respectively. Measurements at 08
(normal emission) probe the near-surface region with an
information depth (ID) of 7–9 nm (depending on the kinetic
energy of the electrons), measurements at 808 (grazing
[a] M. Lexow, B. S. J. Heller, Dr. F. Maier, Prof. Dr. H.-P. Steinrck
Lehrstuhl fr Physikalische Chemie 2, Friedrich-Alexander-Universitt
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emission) only the topmost surface layers with an ID of 1–
1.5 nm. ID is defined as 3 times the inelastic mean free path l
of an electron at a given kinetic energy. IL coverages are given
in ML, where 1 ML is defined as a closed double layer of ions
irrespective of their relative arrangement.[16,17] Based on the ILs’
molecular volume Vm, the height h of 1 ML was estimated to be
0.77 nm for [C8C1Im][PF6] and 0.84 nm for [C8C1Im][Tf2N], using
values for Vm from literature.
[10,17,23]
As a first step, an equivalent of 0.5 ML [C8C1Im][Tf2N] was
deposited (Figure 1-II). It was shown previously that this
amount forms a homogeneous wetting layer (WL) on Ag(111),
with the IL ions arranged in a so-called checkerboard arrange-
ment.[10] In this layer, the anions are adsorbed in a cis-
conformation, with the CF3 groups preferentially pointing
towards the vacuum, as depicted schematically in Figure 2-II.
This orientation results in a relative enhancement of the
corresponding XP signals in the surface sensitive geometry, that
is, at 808.[10]
As a second step, we deposited an equivalent of 0.6 ML
[C8C1Im][PF6] on top of the [C8C1Im][Tf2N] WL at RT (Figure 1-III);
note that this amount of [C8C1Im][PF6] also forms a closed WL
on clean Ag(111) (see SI, Figure S3). The corresponding F 1s
spectrum in the bulk-sensitive geometry at 08 (where damping
effects are negligible for such thin layers) shows the expected
intensity ratio FTf2N=FPF6 of 0.8 for the anions (nominal value:
0.5 ML/0.6 ML=0.83). In the surface-sensitive geometry at 808,
however, a ratio FTf2N=FPF6 of 2.2 is found. This very large value
indicates a strong enrichment of the [Tf2N]
 anions at the IL/
vacuum interface. Given the fact that prior to the deposition of
[C8C1Im][PF6] the [Tf2N]
 anions were in direct contact with the
underlying Ag surface, this can only be explained by a rapid
exchange of the anions at the IL/Ag interface, as is schemati-
cally indicated in Figure 2-III. The spectrum of the composite
layer was acquired 3 minutes after the deposition has ended
and no changes were observed even after one hour. Hence, the
ion exchange had already occurred on a much shorter time-
scale, before the first spectra acquisition was started.
As a third step, we deposited an additional 0.6 ML of
[C8C1Im][PF6] on top of the previous composite IL film, yielding
a total [C8C1Im][PF6] coverage of 1.2 ML (Figure 1-IV). The 08 F
1s spectrum shows the expected intensity ratio FTf2N=FPF6 of 0.4
(nominal value: 0.5 ML/1.2 ML=0.42). At 808, the larger ratio of
FTf2N=FPF6 =0.9 again indicates a relative enrichment of the
[Tf2N]
 anions at the IL/vacuum interface, as schematically
shown in Figure 2-IV.
To investigate its thermal stability, we heated the film after
the third deposition step for 20 minutes at 370 K (Figure 1-V),
which led to the complete disappearance of the [Tf2N]
 signal.
We attribute this observation to selective desorption of
[C8C1Im][Tf2N], Figure 2-V. Notably, the pure WL of [C8C1Im][Tf2N]
on Ag(111), i. e. a film of 0.5 ML thickness (Figure 1-II) directly in
contact with the surface, is stable up to 410 K. This is evident
Figure 1. F 1s region measured in 08 (left) and 808 (right) emission for the clean Ag(111) crystal (I), after deposition of 0.5 ML of [C8C1Im][Tf2N] (II), after two
subsequent deposition steps of 0.6 ML of [C8C1Im][PF6] on top of the existing [C8C1Im][Tf2N] layer (III and IV), and after heating the layered system to 370 K for
20 min (V). All spectra have been measured at RT. At the top of the figure, the molecular structures of 1-methyl-3-octylimidazolium hexafluorophosphate,
[C8C1Im][PF6], and 1-methyl-3-octylimidazolium bis[(trifluoromethyl)sulfonyl]imide, [C8C1Im][Tf2N] are shown.
2979ChemPhysChem 2018, 19, 2978–2984 www.chemphyschem.org  2018 The Authors. Published by Wiley-VCH Verlag GmbH & Co. KGaA
Communications
Wiley VCH Donnerstag, 08.11.2018
1822 / 120818 [S. 2979/2984] 1
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
from Figure 3, where the thermal evolution of pure [C8C1Im]
[Tf2N] and [C8C1Im][PF6] films with initial coverages of ~1.5 ML
are compared. Clearly, the successive desorption of multilayers
and the wetting layers is observed for the individual ILs. The
lower multilayer desorption temperature of [C8C1Im][Tf2N] can
be explained by the considerably lower enthalpy of vapourisa-
tion DvapH298K of 150 kJ/mol as compared to 169 kJ/mol for
[C8C1Im][PF6].
[24] It is also in line with the absolute vapour
pressures of both ILs, which were determined at slightly higher
temperatures of 423 K by Verevkin and co-workers, yielding
~400 mPa for [C8C1Im][Tf2N] and ~8 mPa of [C8C1Im][PF6].[25] In
case of the mixed IL film on Ag(111), the complete disappear-
ance of the F 1s signal of [C8C1Im][Tf2N] at 370 K in Figure 1-V
thus clearly shows that the WL of [C8C1Im][Tf2N] is destabilised
by postdeposition of [C8C1Im][PF6] and desorbs at a temper-
ature close to that of [C8C1Im][Tf2N] multilayer desorption
(Figure 3).
To study the dynamics of the ion-exchange process, we
deposited thin IL films on Ag(111) at a much lower temperature
of 90 K; see Figures 4 and 5. Again, first ~0.6 ML of [C8C1Im]
[Tf2N], the equivalent of the WL, were deposited. According to
STM studies, several crystalline and amorphous condensed
phases are formed in the WL at this low temperature, all with
an overall checkerboard arrangement of alternating anions and
cations.[15] The observed cis-orientation of the [Tf2N]
 anion at
low temperature with the CF3-groups preferentially pointing
towards the vacuum[15] is confirmed here (Figure 4-II) from the
intensity ratios of the C 1s signals (CTf2N denotes the two carbon
atoms in the CF3 groups of the anion, Chetero the five carbon
atoms bound to the nitrogen atoms of the imidazolium ring,
and Calkyl the remaining seven alkyl carbon atoms
[23]). At 808, the
CTf2N/Chetero ratio of 0.6 is larger than the nominal ratio of 0.40
(=2/5), which indicates a relative enrichment of the CF3 groups
of the [Tf2N]
 anion at the vacuum interface. This preferential
anion orientation in the WL was also observed in XPS at RT.[10]
Information on the orientation of the octyl chain of the
[C8C1Im]
+ cation is obtained from the Chetero/Calkyl ratio at 808.
Figure 2. Scheme of the ion exchange process during step-wise deposition
of [C8C1Im][PF6] onto a WL of [C8C1Im][Tf2N] on Ag(111) at RT and the
selective desorption of [C8C1Im][Tf2N] at 370 K. The Roman numbers refer to
the spectra in Figure 1.
Figure 3. Intensity of F 1s and Ag 3d signals from XPS in 08 emission as a
function of temperature, upon continuous heating of thin films of [C8C1Im]
[Tf2N] (1.6 ML) and [C8C1Im][PF6] (1.4 ML) from RT to 500 K with a heating
rate of 2 K/min. The stability range of the multilayers is shaded in dark grey,
that of the isolated WLs in light grey. The desorption temperatures of the
multilayers and wetting layers, that is, the rate maxima (as determined from
the inflection points of the decreasing signals), are indicated as vertical
arrows. For [C8C1Im][Tf2N], the multilayer and WL desorption temperatures
are 365 and 420 K, respectively, and for [C8C1Im][PF6] 405 and 445 K,
respectively.
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The value of 0.6 at 90 K is close to the nominal ratio of 0.71 (=
5/7). It has to be compared to the much lower value of ~0.4
observed for the same film thickness at RT.[10] The latter is
attributed to the pronounced preferential orientation of the
alkyl chains towards the vacuum at RT, which leads to an
attenuation of the signal from the imidazolium rings under-
neath.[10] The ratio of 0.6 observed at 90 K indicates a much less
pronounced preferential orientation of the alkyl chains towards
the vacuum in the frozen state. This likely is due to a hit-and-
stick adsorption mechanism at this low temperature.
In a second step, 1.3 ML of [C8C1Im][PF6] were deposited on
top of the [C8C1Im][Tf2N] WL of 0.6 ML thickness at 90 K
(Figure 4-III). The strong attenuation of the FTf2N and CTf2N signals
at 808 clearly shows that the deposited [C8C1Im][PF6] homoge-
neously covers the underlying [C8C1Im][Tf2N] layer, and indicates
that no exchange of anions occurred at this low temperature.
The situation is sketched in Figure 5-III.
Next, we heated this layered IL film step-wise to RT, and
measured XP spectra in situ at each temperature. The final
spectrum at RT is shown in Figure 4-IV, and the individual F 1s
spectra acquired at 808 during heating are depicted in Fig-
ure S6 in the SI. Figure 6 shows the corresponding quantitative
analysis. Initially, there is no notable change in the [PF6]
 and
[Tf2N]
 peak intensities. Starting at 140 K, the [PF6]
 signal
(blue) and also the total sum (black) decreases while the [Tf2N]

signal (green) remains constant up to 170 K. We attribute this
behaviour to a reorganisation within the uppermost layer in
this temperature window, such that the octyl chains are
enriched at the IL/vacuum interface, that is, they point towards
the vacuum, thereby attenuating the [PF6]
 signal at 808. The
[Tf2N]
 anions are not affected by this reorientation at the outer
surface and remain at the IL/Ag interface, indicating that this
temperature is still too low for diffusion/ion exchange to occur.
Above 170 K, the [Tf2N]
 signal begins to increase and
simultaneously the [PF6]
 signal continues to decrease. At this
temperature, the exchange of the anions in contact with the Ag
surface starts. The [Tf2N]
 enrichment continues to increase
until 220 K, and thereafter remains constant up to RT, indicating
Figure 4. F 1s and C 1s spectra in 08 and 808 emission for the clean Ag(111) crystal (I), after deposition of 0.6 ML of [C8C1Im][Tf2N] at 90 K (II), after deposition
of 1.3 ML of [C8C1Im][PF6] on top of the existing film of [C8C1Im][Tf2N] at 90 K (III), and after heating the composite IL film to 300 K (IV).
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that no further changes occur at the IL/vacuum interface
(Figure 5-IV). As is to be expected, the 808 spectra after heating
to RT have the same spectral shape as the spectra after
deposition at RT (compare Figure 4-IV to Figure 1-IV). The
temperature range for the anion exchange corresponds well to
the glass transition temperatures of bulk [C8C1Im][Tf2N] and
[C8C1Im][PF6], which were reported to be around 185 K
[26–28] and
190 K,[29,30] respectively. In agreement to the bulk glass
transition, Uhl et al. observed in STM that for coverages below
0.5 ML ordered structures in films of [C8C1Im][Tf2N] on Ag(111)
melted around 185 K.[15]
Interestingly, the comparison of ultrathin [C8C1Im][Tf2N]/
[C8C1Im][PF6] films with macroscopically thick films (0.1 mm) of
the same stoichiometry shows an identical IL/vacuum interface
composition at RT (see Figures S4 and S5 in the SI), that is, an
enrichment of the [Tf2N]
 anion.
In conclusion, we discovered ion exchange processes in
ultrathin films of the ionic liquids [C8C1Im][Tf2N] and [C8C1Im]
[PF6], which were subsequently deposited on Ag(111), and
studied the dynamics by quantitative angle-resolved XPS. Both
ILs form wetting layers, with anions and cations in direct
contact with the metal, arranged in a checkerboard structure.
Upon depositing [C8C1Im][PF6] on top of the [C8C1Im][Tf2N]
wetting layer at RT, we find a pronounced enrichment of the
[Tf2N]
 anions at the IL/vacuum interface. This effect is
explained by a rapid anion exchange at the IL/solid interface. In
contrast, after deposition of [C8C1Im][PF6] at 90 K the [Tf2N]

anions remain at the IL/solid interface. Upon heating, the
arrangement of the ions within the thin IL film changes.
Between 140 and 160 K, we observe a rearrangement of the
cations, such that the octyl chains point towards the vacuum.
Above 170 K, the ions start to become mobile, and at 220 K, the
anion exchange is completed, with the [Tf2N]
 anions enriched
at the IL/vacuum interface, as was observed for deposition at
RT. The temperature range of the anion exchange corresponds
well to glass transition temperatures reported in literature. By
subsequently heating to 370 K, it is possible to selectively
desorb [C8C1Im][Tf2N] already at a temperature, which is much
lower than the temperature of >420 K required for desorption
of the neat WL. This shows that the WL of [C8C1Im][Tf2N] can be
destabilised by postdeposition of [C8C1Im][PF6]. This opens new
routes for selectively removing specific ions or undesired
components at IL/support interfaces.
We propose two driving forces to be cooperatively
responsible for the replacement/exchange of [Tf2N]
 at the IL/
solid interface and its enrichment at the IL/vacuum interface.
First, the adsorption energy of [C8C1Im][PF6] is significantly
larger than that of [C8C1Im][Tf2N], as deduced from the
desorption temperatures of the neat WLs, that is, 445 vs 420 K,
respectively (see arrows in Figure 3). Second, the enrichment of
[Tf2N]
 at the IL/vacuum interface, which is observed for
ultrathin films and also for thick films, where the influence of
the IL/Ag interface is negligible, is likely related to the lower
surface tension of [C8C1Im][Tf2N], 29 mN/m, as compared to 32
mN/m for [C8C1Im][PF6].
[23] Our results highlight how the inter-
face compositions of thin multi-component IL films depend on
the nature of the ions, and how they can be controlled via
temperature. They add to the understanding of IL/solid and IL/
vacuum interfaces, which play a crucial role in IL thin film
Figure 5. Scheme for the heating experiment after the deposition of [C8C1Im]
[PF6] to a WL of [C8C1Im][Tf2N] on Ag(111) at 90 K. The Roman numbers refer
to the spectra in Figure 4.
Figure 6. Intensities of the respective F 1s signals of the [PF6]
 and [Tf2N]

anions from XPS in 808 emission as a function of the sample temperature
upon heating from 90 to 300 K (selected spectra are shown in SI, Figure S6).
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applications for lubrication, coating, separation, electrochemis-
try, sensor, and catalysis technologies.
Experimental Section
The ILs were deposited onto a circular Ag(111) single crystal
(15 mm diameter, 2 mm thickness) purchased from MaTecK with a
purity of 99.999% and one side polished to the (111) plane with an
accuracy better than 0.18. The crystal was mounted to a Mo sample
holder with transferable electric contacts and fixed with Ta wires.[10]
The crystal temperature was measured with an absolute accuracy
of 20 K and a reproducibility of 2 K, using a type K
thermocouple put into a 0.5 mm pinhole of the crystal. Surface
preparation was done in UHV by repetitive cycles of sputtering
with 0.6 keV Ar+ ions (8 mA, 30 min), followed by annealing at
800 K. The final sample cleanliness and long range order were
checked by XPS and low energy electron diffraction (LEED),
respectively. [C8C1Im][PF6] was purchased from Sigma-Aldrich
(purity >95%). [C8C1Im][Tf2N] was synthesised under ultrapure
conditions according to previous publications.[31] For comparing
the thin film results with bulk mixtures, bulk amounts of [C8C1Im]
[Tf2N]/[C8C1Im][PF6] mixtures were prepared with various composi-
tions using acetonitrile (Sigma-Aldrich, purity 99.8%) as a co-
solvent to ensure proper mixing of the respective ILs;[32] the IL
mixture was spread as macroscopic film (about 0.1 mm thickness)
on polycrystalline Ag foil. After careful degassing of the liquid film,
the sample was introduced into the vacuum chamber for ARXPS.
The UHV system used for this study has been described previously
for the deposition of [C8C1Im][Tf2N] on Ag(111).
[10] For this
sequential film deposition study, well-defined amounts of the two
different ILs were deposited onto the freshly prepared Ag(111)
crystal via PVD using two Knudsen cells, developed in our group
specifically for IL deposition (see Figures S1 and S2). Both ILs were
carefully degassed in UHV for more than 24 hours at evaporator
temperatures between 370 and 430 K to remove volatile impurities.
The crucible temperatures during evaporation ranged from 428 to
443 K for [C8C1Im][PF6], and from 403 to 413 K for [C8C1Im][Tf2N].
The higher temperatures for [C8C1Im][PF6] are due to its higher
enthalpy of vapourisation.[10,24] The maximum chamber background
pressures during the deposition were below 3109 mbar for
[C8C1Im][PF6] and below 810
10 mbar for [C8C1Im][Tf2N]. At the
applied temperatures, the ILs arrived on the target surface as single
ion pairs without any signs of decomposition, in line with
literature.[10,16,22,24] This behaviour was confirmed by comparing the
XP spectra of our deposited films to spectra of macroscopically
thick IL films prepared ex-situ (see Table S1). The IL flux during PVD
was checked using a quartz crystal microbalance (QCM) for each
deposition experiment in order to verify stable evaporation rates.
Angle-resolved XP spectra were acquired with a VG SCIENTA R3000
hemispherical electron analyser at polar emission angles of #=08
and 808 with respect to the surface normal. The non-monochro-
mated SPECS XR 50 Al Ka X-ray source (1486.6 eV photon energy)
was operated at a power of 240 W. All spectra were measured with
a pass energy of 100 eV yielding an overall energy resolution of
about 0.9 eV.
Background subtraction and peak fitting was done using CasaXPS
V2.3.16Dev6. The background of the Ag 3d and F 1s core levels
were subtracted applying the Shirley method.[33] O 1s, P 2p, and S
2p core levels were treated using a two-point linear background, C
1s with a three-point linear background. In the N 1s region, the
overlap with plasmons, shake-up satellites, and the inelastically
scattered electrons of the Ag 3d lines made the subtraction of an
additional background necessary.[34–37] For further details, see
reference.[10] The IL spectra were fitted with a Voigt profile (30%
Lorentzian contribution). For the C 1s spectra, a constraint was
applied for the full width at half maximum, fwhm(Chetero)¼1.11
fwhm(Calkyl), in accordance with previous studies.
[10,17,31] All binding
energies reported were referenced to the Ag Fermi edge, yielding a
BE of 368.2 eV for the Ag 3d5/2 level.
ARXPS measurements at normal emission, i. e., at #=08, probe the
near-surface region with an information depth, ID, of 7–9 nm
(depending on the kinetic energy); measurements at #=808, probe
the topmost surface layers with an ID of 1–1.5 nm. ID is defined as
three times the inelastic mean free path, l, of an electron at a given
kinetic energy. We characterised the growth of the IL films on
Ag(111) by measuring the IL signals and the attenuation of the
Ag 3d substrate signal as a function of the amount of deposited IL.
For homogeneous two-dimensional IL growth, the Ag 3d intensity
at the angle # decreases from its maximum intensity I0 for the clean
surface to a value Id for a film with thickness d:
[17,21]
Id
I0
¼ e d
l  cos# ð1Þ
For Ag 3d electrons with a kinetic energy around 1.1 keV, l is
2.5 nm.[10]
For the temperature-dependent XPS measurements, the sample
was heated step-wise and kept isothermal during the measurement
at the respective temperature. The acquisition time for the F 1s
region ranged from two to five minutes.
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1 
Ionic Liquid Evaporator 
        
Figure S1: Sketch of the effusion cell developed by our group specifically for the evaporation 
of ILs in UHV. The water cooled body with shutter was acquired from tectra GmbH. A 
crucible (purchased from Kurt J. Lesker Co.) sits in a copper cylinder which is heated by a 
tantalum filament (∅ = 0.25 mm). This filament winds through six ceramic twin tubes 
(∅ = 2 mm) which are distributed equidistantly in the wall bores of the copper cylinder. A 
copper ring holds the crucible in place. A type K thermocouple (∅ = 0.125 mm) is contacted 
to the bottom of the crucible to ensure a stable and accurate temperature reading. Note that 
the wall bores for the filaments do not go all the way through. In this way, the setup quite 
effectively prevents ILs (which tend to creep out of the crucible) from direct contact with the 
hot filaments, which would cause decomposition of the ions and possible contaminations on 
the target. Figure S2 shows photographs of the setup during assembly. 
 
  
Figure S2: Photographs of the effusion cell during assembly.  
2 
Table S1: Film composition as measured by XPS of a 4 nm thick film of [C8C1Im][PF6] on 
Ag(111) from PVD (left) and a macroscopic droplet (right, italics) at RT in normal emission 
(0°, top) and grazing emission (80°, bottom). The nominal ratios are given in brackets. 
0° Calkyl 1s Chetero 1s N 1s P 2p F 1s 
atom ratio 7.0 / 7.2 (7) 5.0 / 5.1 (5) 1.8 / 1.9 (2) 1.0 / 1.0 (1) 6.3 / 5.7 (6) 
FWHM / eV 1.6 / 1.4 1.7 / 1.8 1.3 / 1.4 1.1 / 1.3 1.7 / 1.7 
BE / eV 285.8 / 285.0 287.7 / 286.9 402.9 / 402.1 137.4 / 136.6 687.4 / 686.8 
      
80° Calkyl 1s Chetero 1s N 1s P 2p F 1s 
atom ratio 10.8 / 10.0 (7) 4.2 / 4.4 (5) 1.4 / 1.5 (2) 1.0 / 1.0 (1) 3.6 / 4.1 (6) 
FWHM / eV 1.5 / 1.4 1.7 / 1.6 1.5 / 1.5 1.4 / 1.2 1.7 / 1.7 
BE / eV 286.0 / 285.0 287.8 / 286.7 402.9 / 401.8 137.4 / 136.6 687.5 / 686.4 
 
  
3 
Growth of [C8C1Im][PF6] on Ag(111) 
In contrast to [C8C1Im][Tf2N],[1] ultrathin [C8C1Im][PF6] films deposited on Ag(111) were 
not studied before. Figure S3 shows the attenuation of the Ag 3d substrate signal ܫௗ/ܫ଴ as a 
function of the IL film thickness after deposition of [C8C1Im][PF6] on Ag(111) for 0° and 80° 
emission. As expected, the substrate signal intensity decreases with increasing film thickness. 
Up to 0.5 ML coverage, the measured intensity ratios ܫௗ/ܫ଴ for 0° and 80° strictly coincide 
with the calculated values (solid and dashed lines, respectively), indicating the formation of a 
2D WL on Ag(111) with a checkerboard arrangement of alternating anions and cations. A 
similar interface structure was observed in previous studies for the growth of [C8C1Im][Tf2N] 
on Ag(111) by ARXPS at RT[1] and by STM at 110 K.[2] 
Upon further deposition on Ag(111), we find that the values for 80° are systematically 
larger than the calculated curve, indicating a certain degree of 3D morphology. A virtually 
identical attenuation behaviour of the Ag 3d signal in ARXPS, and thus, a very similar 
growth on top of a closed WL, was also observed by ARXPS for [C8C1Im][Tf2N] on 
Ag(111).[1] Since overall small deviations from the curve for ideal 2D growth are found for 
both ILs, the films finally obtained can be considered to be relatively flat. 
 
Figure S3: Attenuation of the Ag 3d intensity in 0° and 80° as a function of the layer 
thickness ݀ of the IL [C8C1Im][PF6] on Ag(111) at RT. The curves for 2D growth are 
calculated from Equation (1) with an inelastic mean free path ߣ of 2.5 nm for the 
corresponding detection angles. 
 
  
4 
Macroscopic reference mixtures 
Figures S4 and S5 show the results from XPS in 80° emission for the surface composition of 
mixed thin films from PVD and bulk mixtures. This comparison shows that the surface 
composition is, within the margin of error, independent of the film thickness. 
 
Figure S4: Surface composition at RT as measured by XPS in 80° emission of thin films from 
PVD (left) compared to macroscopic IL mixtures prepared ex-situ (right). 
 
 
Figure S5: Anion ratio at the surface deduced from F 1s XP spectra in 80° emission for IL 
mixtures of varying composition. The thickness of the thin films from PVD varied between 
0.8 and 1.6 nm. 
  
5 
Heating of layered IL films from 90 to 300 K 
Figure S6 shows the individual F 1s XP spectra acquired from XPS in 80° emission 
during step-wise heating of the layered IL film after deposition of 1.3 ML of [C8C1Im][PF6] 
on top of a previously deposited existing film of 0.6 ML of [C8C1Im][Tf2N] at 90 K.  Figure 6 
shows the corresponding quantitative analysis for the F 1s core levels. 
 
Figure S6: Series of F 1s XP spectra at 80° emission angle upon step-wise heating of the 
layered IL film after deposition of 1.3 ML of [C8C1Im][PF6] on top of a previously deposited 
film of 0.6 ML of [C8C1Im][Tf2N] at 90 K., cf. Figure 6. 
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ABSTRACT: In the context of applications with thin ionic
liquid (IL) films on solid supports, we studied the ion
distribution within mixed thin IL films by angle-resolved X-ray
photoelectron spectroscopy. After the deposition of 1-methyl-
3-octylimidazolium hexafluorophosphate, [C8C1Im][PF6], on
top of a wetting layer (WL) of 3-methyl-1-(3,3,4,4,4-
pentafluorobutyl)imidazolium hexafluorophosphate,
[PFBMIm][PF6], on Ag(111) at room temperature (RT),
we find a preferential enrichment of the [PFBMIm]+ cation at
the IL/vacuum interface. In a similar deposition experiment at
82 K, this cation exchange at the IL/solid interface does not
occur. Upon heating the film from 82 K to RT, we observe the replacement of [C8C1Im]
+ by [PFBMIm]+ at the IL/vacuum
interface between ∼160 and ∼220 K. No further changes in the surface composition were observed between 220 K and RT.
Upon further heating the mixed IL film, we find the complete desorption of [PFBMIm][PF6] from the mixed film below 410 K,
leaving a WL of pure [C8C1Im][PF6] on Ag(111), which desorbs until 455 K.
■ INTRODUCTION
Thin films of ionic liquids (ILs) have been the focus of
ultrahigh vacuum (UHV) surface science in the past 10 years
as they provide powerful ways for molecular level studies of
liquid/solid interfaces in general.1−10 The detailed knowledge
of the structure and the formation of the IL/solid interface, in
particular, enables a more complete description and control of
the interface properties and the system’s overall stability and
performance in applications where ILs are in contact with solid
surfaces, such as catalysis,11,12 sensors,13 lubrication,14,15
separation,16,17 and electrochemistry.18
Physical vapor deposition (PVD) has proven to be a suitable
route for the preparation of ultrathin IL films from the
submonolayer range up to several tens of nanometers.1,3,5,6,10
At temperatures of 140 K and below, scanning tunneling
microscopy (STM) provides a potent way to elucidate IL
island growth and surface order on solid supports for
submonolayer coverages.3,4,19,20 For higher temperatures,
where no long-range ordered layers are formed, or for
coverages beyond the first layer, spectroscopic methods such
as angle-resolved X-ray photoelectron spectroscopy
(ARXPS)1,2,7,8 or reflection absorption infrared (IR) spectros-
copy5,6 are especially powerful to study these highly dynamic
liquid systems. In particular, ARXPS proved itself as a well-
established method to investigate the IL/support interactions,
molecular enrichment and orientation at the interfaces, wetting
behavior, and the IL film growth from a submonolayer to
multilayers.1,7,8,10,21−23
In light of more complex IL systems, composed of more
than one type of ion pairs, we recently studied thin films of IL
mixtures by a sequential deposition of two ILs with the same
cation and two different anions, 1-methyl-3-octylimidazolium
bis[(trifluoromethyl)sulfonyl]imide, [C8C1Im][Tf2N], and 1-
methyl-3-octylimidazolium hexafluorophosphate, [C8C1Im]-
[PF6].
8 Upon deposition of [C8C1Im][PF6] onto a wetting
layer (WL) of [C8C1Im][Tf2N] on Ag(111), the replacement
of [Tf2N]
− by [PF6]
− was observed by ARXPS. We proposed
that two driving forces are cooperatively responsible for the
exchange of the anions, that is, the larger adsorption energy of
[C8C1Im][PF6] at the IL/Ag interface and the lower surface
tension of [C8C1Im][Tf2N] at the IL/vacuum interface.
8
As we have already studied mixed films of ILs with two
different anions and the same cation, mixtures of ILs with two
different cations and the same anion ([PF6]
−) were the subject
of the present work. One cation is the previously investigated
[C8C1Im]
+ (see Figure 1a). The other cation is 3-methyl-1-
(3,3,4,4,4-pentafluorobutyl)imidazolium, [PFBMIm]+, a di-
alkylimidazolium cation with a perfluorinated ethyl end
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group at the butyl side chain (see Figure 1b). In the context of
fluorous phases in ILs, first reports of imidazolium-based ILs
with fluorinated alkyl side chains, for example, by Merrigan et
al., highlighted their use as surfactants, as they promote the
formation and stabilization of dispersions of perfluorocarbons
in conventional (nonfluorinated) ILs.24 Perfluoroalkylation is
also reported to generally improve the tribological behavior, for
example, by decreasing viscosity and increasing hydro-
phobicity.14
In addition to the growth and interface composition of
mixed thin films of [PFBMIm][PF6] and [C8C1Im][PF6]
deposited in UHV by PVD on Ag(111), we also discuss the
stability of pure and mixed IL thin films toward desorption.
Furthermore, we address the roles of surface free energy versus
interface adsorption energy by comparing the surface
compositions in the thin film and the macroscopic mixture
systems. Such studies play an important role with respect to
the nanoscale applications of IL films at elevated temper-
atures.8,9,25,26
■ EXPERIMENTAL SECTION
[C8C1Im][PF6] was purchased from Sigma-Aldrich (purity > 95%).
[PFBMIm][PF6] was prepared via a two-step reaction: in the first
step, [PFBMIm]I was synthesized by the alkylation of 1-
methylimidazole with 1,1,1,2,2-pentafluoro-4-iodobutane. The target
compound was then obtained through ion metathesis using an
aqueous potassium hexafluorophosphate solution. A detailed synthesis
procedure alongside spectroscopic and thermal data is available in the
Supporting Information. For reference measurements, we also
prepared bulk mixtures of [PFBMIm][PF6] and [C8C1Im][PF6]
with different compositions. Acetonitrile (Sigma-Aldrich, purity
99.8%) was used as a cosolvent to ensure proper mixing of the
respective ILs.8,27 These IL mixtures were spread as macroscopic films
(∼0.1 mm thickness) on polycrystalline Ag foil and carefully degassed
before introducing them into the vacuum chamber.
For our measurements on the ultrathin layers, we deposited well-
defined amounts of the two different ILs onto the Ag(111) crystal (15
mm diameter, 2 mm thickness) via PVD using two effusion cells,
developed in our group explicitly for IL deposition.8 We checked the
IL flux during PVD using a quartz crystal microbalance. To remove
volatile impurities, the ILs were thoroughly degassed in UHV for
more than 24 h at evaporator temperatures between 370 and 460 K.
The evaporation temperatures ranged from 423 to 443 K for
[C8C1Im][PF6], and from 443 to 463 K for [PFBMIm][PF6]. During
deposition, the chamber background pressure was below 2 × 10−9
mbar for [C8C1Im][PF6] and below 5 × 10−9 mbar for [PFBMIm]-
[PF6]. According to the literature, aprotic ILs evaporate as discrete
neutral ion pairs.3,9,25,26,28,29 Compared to the spectra of macroscopi-
cally thick IL films prepared ex situ, no signs of decomposition were
observed in the X-ray photoelectron (XP) spectra of the films
prepared by PVD (see Table S1 in the Supporting Information).
The experiments were performed using ARXPS in a UHV system,
which has been described previously.7 The ARXP spectra were
acquired with a nonmonochromated Al Kα X-ray source (SPECS XR
50, 1486.6 eV, 240 W) and a hemispherical electron analyzer (VG
SCIENTA R3000). We used a pass energy of 100 eV, which resulted
in an overall energy resolution of ∼0.9 eV.7 Peak fitting and
background subtraction were done using CasaXPS V2.3.16Dev6. For
the Ag 3d and F 1s peaks, a Shirley background,30 for the P 2p peaks a
two-point linear background, and for the C 1s peaks a three-point
linear background were subtracted. For the N 1s spectra, an additional
background was subtracted to account for the overlapping shake-up
and plasmon satellites and inelastically scattered electrons of the Ag
3d core levels31−34 (for further details, see ref 7). The IL spectra were
fitted with a Voigt profile (30% Lorentzian contribution). For the
thin-film experiments, the binding energies were referenced to the Ag
Fermi edge, yielding a value of 368.2 eV for the Ag 3d5/2 level. The
XP spectra of the macroscopic film of [PFBMIm][PF6] were
referenced to the binding energy of Chetero at 287.0 eV. For
temperature-dependent XPS, the sample was heated continuously
during the measurements at a rate of 2 K/min. The acquisition time
for F 1s spectra ranged from 2 to 5 min, for C 1s spectra from 5 to 10
min, and for Ag 3d spectra from 1 to 2 min.
The coverage and growth of IL films were characterized by
measuring the attenuation of the Ag 3d signal of the crystal at the
emission angles of ϑ = 0° and 80° relative to the surface normal.
When using Al Kα radiation, the information depth (ID) at normal
emission ϑ = 0° is 7−9 nm (depending on the kinetic energy). At ϑ =
80°, ID is only 1−1.5 nm, which means that only the topmost surface
layers are probed. Thereby, ID is defined as 3 times the inelastic mean
free path, λ, of the electrons.8 For Ag 3d electrons with a kinetic
energy of about 1.1 keV, λ is 2.5 nm in IL films.7,8 For a homogeneous
two-dimensional growth, the Ag 3d signal at an angle ϑ decreases
Figure 1. Molecular structures and van der Waals models of (a) 3-methyl-1-octylimidazolium hexafluorophosphate, [C8C1Im][PF6], and (b) 3-
methyl-1-(3,3,4,4,4-pentafluorobutyl)imidazolium hexafluorophosphate, [PFBMIm][PF6].
Figure 2. F 1s and C 1s spectra measured at 0° (left) and 80° (right) for clean Ag(111) (I), after the deposition of 0.5 ML of [PFBMIm][PF6] (II)
on Ag(111), and after the subsequent deposition of 1.0 ML of [C8C1Im][PF6] on top of the existing WL of [PFBMIm][PF6] (III) at RT.
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from I0 for the clean surface to Id for a film of thickness d, according to
Id/I0 = exp(−d/(λ·cos ϑ)).
2,7,8
In accordance with previous publications, coverages are given in
ML; thereby, we define 1 ML as a closed double layer of ions,
irrespective of their relative arrangement.1,7−9 The monolayer height
is calculated as the cubic root of the molecular volume Vm based on
mass density values from the literature. Using the literature value
for Vm, hML of [C8C1Im][PF6] was calculated to be 0.77 nm.
8 The hML
value of [PFBMIm][PF6] was estimated to be 0.71 nm, by
comparison of the value of 0.70 nm for [C4C1Im][PF6] (calculated
from its known mass density) and the increase of Vm upon the
exchange of hydrogen by fluorine.35
■ RESULTS AND DISCUSSION
Ion Exchange in Mixed Films at RT. We start with
analyzing the ARXP spectra collected at 0° and 80° emission
angles after the successive deposition of [PFBMIm][PF6] and
[C8C1Im][PF6] on Ag(111) at room temperature (RT). The
corresponding C 1s and F 1s spectra are depicted in Figure 2.
The very different chemical environments of the fluorine
atoms in the [PFBMIm]+ cation and the [PF6]
− anion (of both
ILs) yield a distinct chemical shift of the respective F 1s
binding energy, leading to two clearly distinguishable peaks in
the F 1s region. For [PFBMIm][PF6], the FCFx peak at 689.1
eV corresponds to the five fluorine atoms in the fluorinated
alkyl chain of the [PFBMIm]+ cation, and the FPF6 peak at
686.9 eV corresponds to the six fluorine atoms of the [PF6]
−
anion. For [C8C1Im][PF6], only the FPF6 peak at 686.9 eV is
observed. Similarly, the C 1s spectra show distinct binding
energy differences for the atoms with different chemical
environments. For [C8C1Im][PF6], the Chetero peak at 286.9 eV
corresponds to the five carbon atoms next to the nitrogen
atoms in the cation, and the Calkyl peak at 285.3 eV
corresponds to the remaining seven atoms of the alkyl
chain.8 For [PFBMIm][PF6], three peaks are observed: the
CCF3 peak at 293.7 eV and the CCF2 peak at 291.3 eV because of
the carbon atoms in the fluorinated alkyl chain and the Chetero
peak at 286.9 eV containing the signals of the remaining six
carbon atoms, including that of the carbon atom next to the
perfluorinated ethyl end group of the chain. The differences in
binding energy allow for a quantitative analysis of the IL
stoichiometry and for a direct comparison of the relative
occurrence of the respective ions in the bulk and at the
interfaces of the ultrathin films of ILs. Changes in the signal
intensity upon variation of the surface sensitivity in ARXPS
(i.e., comparing the spectra at 0° and 80°) directly reflect the
enrichment or depletion of the corresponding ions (or specific
substituents at the molecular ions) at the IL/vacuum interface.
As a first step, we deposited 0.5 ML of [PFBMIm][PF6]
onto Ag(111) at RT (Figure 2II). At this coverage, we obtain a
closed WL with a so-called checkerboard arrangement of
alternating anions and cations, as schematically depicted in
Figure 3II. This arrangement in a homogeneous WL was
derived from detailed coverage-dependent studies of the
growth behavior of [PFBMIm][PF6] on Ag(111) from
submonolayer to multilayer coverages (see Figure S1 in the
Supporting Information). A similar WL with checkerboard
arrangement was observed for thin films of [C8C1Im][PF6] on
Ag(111)8 and for other ILs in low-temperature STM.4 In this
homogeneous WL, both the cation and the anion are directly
in contact with the metal surface. For the F 1s signals, the ratio
FCFx/FPF6 of 0.95 (with an estimated error of ±15%) at 0° is
close to the nominal ratio of the five FCFx atoms in the cation to
the six FPF6 atoms in the anion (5/6 = 0.83). The ratio of the
signals at 80° (which are 6 times more surface-sensitive than
that at 0°) contains information on the orientation of the ions
within the WL. The FCFx/FPF6 ratio of 1.58 reveals a strong
enhancement of the cationic FCFx signal compared to the
anionic FPF6 signal, which indicates a pronounced preferential
orientation of the pentafluorobutyl (PFB) side chains toward
the vacuum side, that is, away from the metal surface. In the C
1s spectrum at 80° (Figure 2II), the CCFx/Chetero ratio of 0.68 is
much larger than the nominal ratio of 0.33 for the two
fluorinated CCFx (=CCF3 + CCF2) atoms of the PFB chain and
the six Chetero atoms of the cation, providing further support for
the proposed preferential orientation of the PFB side chains
toward the vacuum side. Notably, we also observe a
pronounced surface enrichment of the PFB side chain at the
IL/vacuum interface of macroscopic films (see Table S1 in the
Supporting Information) with the FCFx/FPF6 ratios of 0.95 at 0°
and 1.44 at 80°.
Upon subsequent deposition of 1.0 ML of [C8C1Im][PF6]
on top of the WL of [PFBMIm][PF6] at RT, we obtain the
spectra depicted in Figure 2III. At 0° emission, we observe
with FCFx/FPF6 = 0.35 a value close to the nominal ratio of 0.28,
as calculated from the molar fractions in the mixed film. At 80°
emission, however, we observe a much higher ratio of FCFx/FPF6
= 0.82, which again indicates a strong enrichment of the PFB
chains at the IL/vacuum interface. This observation is quite
surprising at first sight, as prior to the deposition of
[C8C1Im][PF6], the [PFBMIm]
+ cations were in direct contact
with the Ag(111) surface. Our data thus indicate an immediate
(on the timescale of our experiment) ion exchange at the IL/
solid interface during the deposition of [C8C1Im][PF6]; for a
schematic sketch, see Figure 3III. A similar behavior was
recently discovered for the deposition of [C8C1Im][PF6] onto
a WL of [C8C1Im][Tf2N] on Ag(111).
8 Here, the [Tf2N]
−
anions were initially also directly in contact with the IL/Ag
interface, but after the subsequent deposition of [C8C1Im]-
[PF6], the [Tf2N]
− anions enriched at the IL/vacuum interface
of the mixed film. For this system, the larger adsorption energy
of [C8C1Im][PF6] at the IL/Ag interface and the lower surface
Figure 3. Schematic view of the film structure after deposition of
[C8C1Im][PF6] onto a WL of [PFBMIm][PF6] on Ag(111) at RT.
The Roman numerals correspond to the spectra in Figure 2.
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tension of [C8C1Im][Tf2N] at the IL/vacuum interface were
made responsible as cooperatively acting driving forces.8 For
the system studied here, we propose the same driving forces to
be the deciding factors for the preferential enrichment of PFB
at the vacuum interface. The surface tensions of fluorinated ILs
are generally considerably lower than that for nonfluorinated
ILs.24,36,37 Although we are not aware of the quantitative
determination of the surface tension of [PFBMIm][PF6], we
found a pronounced preferential surface enrichment of the
PFB side chains also for the macroscopic films of the same
mixtures (Figure S4). This is taken as strong evidence for the
lower surface tension of [PFBMIm][PF6] as compared to that
of [C8C1Im][PF6].
When analyzing the C 1s spectra, we find a CCFx/Calkyl ratio
of 0.23 at 80°, which is larger than the nominal ratio of 0.14,
thus indicating a slight preferential surface enrichment of the
PFB groups over the longer octyl chains in this mixed thin film.
When comparing the two chain signals to the Chetero signal at
80°, we find that both the CCFx/Chetero ratio of 0.23 (nominally
0.13) and the Calkyl/Chetero ratio of 1.01 (nominally 0.88) are
larger than the nominal values. This observation indicates that
the PFB and the octyl chains are both enriched at the IL/
vacuum interface compared to the cationic imidazolium head
group.
Adsorption at 82 K and Subsequent Evolution with
Temperature. To investigate the dynamics of the ion-
exchange process in the mixed thin films in detail, we
deposited IL films at a lower temperature, that is, at 82 K on
Ag(111). The spectra are depicted in Figure 4. Figure 5 shows
a scheme of the IL film on the surface for the different steps of
the experiment. As a first step, we deposited a WL of
[PFBMIm][PF6] (Figure 4II). In the F 1s spectra at 0°, we
observe a ratio of FCFx/FPF6 = 0.70 (±15%), which, within the
margin of error, agrees with the nominal ratio of 0.83. At 80°,
the ratio FCFx/FPF6 = 1.10 indicates a surface enrichment of the
PFB side chain in the WL. However, the fact that the ratio for
82 K is smaller than the value of 1.58 found at RT (see above)
indicates a less pronounced surface enrichment at the lower
adsorption temperature. Accordingly, in the C 1s spectrum at
80°, the ratio CCFx/Chetero of 0.58 (nominal 2/6 = 0.33) was
also lower than the value of 0.68 for the WL at RT. The less
pronounced preferential orientation is likely due to a “hit-and-
stick” adsorption at this low temperature, that is, after arrival,
the ion pairs neither move on the surface nor do they assume
the optimum adsorption geometry.
In the second step, we deposited 1.0 ML of [C8C1Im][PF6]
on top of the WL of [PFBMIm][PF6] (Figure 4III). In the F
1s spectra at 0°, the FCFx/FPF6 ratio of 0.28 is in accordance
with the nominal ratio of 0.28. At 80°, the strong attenuation
of the CCFx and FCFx signals of [PFBMIm]
+, as compared to the
first deposition step (II), shows that the [C8C1Im][PF6] layer
Figure 4. F 1s and C 1s spectra at 0° (left) and 80° (right) emission for clean Ag(111) (I), after the deposition of 0.5 ML of [PFBMIm][PF6] at 82
K (II), after the deposition of 1.0 ML of [C8C1Im][PF6] on top of the existing film of [PFBMIm][PF6] at 82 K (III), and after heating the
composite IL film to RT (IV). The arrows highlight changes in peak intensities compared to the respective spectrum below.
Figure 5. Schematic view of the film structure in the heating
experiment after the deposition of [C8C1Im][PF6] onto a WL of
[PFBMIm][PF6] on Ag(111) at 82 K. The Roman numerals
correspond to the spectra in Figure 4.
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covers the WL of [PFBMIm][PF6] homogeneously (Figure
5III). This behavior demonstrates that no ion exchange at the
IL/Ag interface occurs because of the lack of mobility at this
low temperature.
Next, we investigated the development of the composite
layer as a function of temperature by heating this film at a rate
of 2 K/min from 82 K to RT, while measuring the XP spectra
in situ. The final spectra at RT are depicted in Figure 4IV; a
selected set of spectra acquired at 80° emission during heating
is shown in Figure S5 in the Supporting Information. The
graphs in Figure 6 are the result of the quantitative analysis of
the individual C 1s (only Calkyl and Chetero signals; CCFx is not
shown because of the low signal-to-noise ratio) and F 1s (FCFx
and FPF6) signals in 80° emission during heating.
Upon heating, we observe a decrease of the FPF6 signal
(blue). Simultaneously, we find an increase of the Calkyl signal
(yellow). We attribute these changes until 150 K to the
enrichment of the alkyl chains at the IL/vacuum interface,
which leads to the attenuation of the [PF6]
− ions below. In this
temperature range, we find no change in the intensity of the
FCFx peak (red) of the [PFBMIm]
+ cations at the IL/Ag
interface, which further indicates that the alkyl enrichment is
limited to the IL/vacuum interface because of the reorientation
effects in the outermost layer. Starting at ∼160 K, we observe
an increase of the FCFx signal, which indicates the onset of the
ion exchange at the IL/Ag interface and subsequent diffusion
of the [PFBMIm]+ cations to the IL/vacuum interface. At this
temperature, the Calkyl signal has passed its maximum and
decreases upon heating to higher temperatures. This behavior
reflects the gradual enrichment of the [PFBMIm]+ cations at
the IL/vacuum interface at the expense of the [C8C1Im]
+
cations, which is completed at ∼220 K, where the FCFx signal
has reached its saturation value. In a reference heating
experiment (Figures S6 and S7 in the Supporting Informa-
tion), after the deposition of a pure 1.5 ML [C8C1Im][PF6]
film onto Ag(111) at 82 K, we find the Calkyl peak to increase
up to 220 K during heating. This indicates that the decrease of
the Calkyl peak in the mixed film above 180 K is due to the
competing enrichment of the PFB side chains at the vacuum
interface, following the cation-exchange process at the IL/Ag
interface. The FPF6 peak in Figure 6 continues to decrease up to
220 K because of the attenuation of the [PF6]
− anions by the
surface-enriched alkyl and PFB chains. The intensity of the
Chetero peak (black) shows overall only a very small decrease.
Above 220 K, the RT surface composition of the mixed IL film
is reached (see Figure 5IV), and no further changes in the
signal intensities are observed. As expected, after heating to
RT, the spectra look almost identical to those of the film
deposited at RT (compare Figure 4IV with Figure 2III). The
ratio FCFx/FPF6 = 0.28 of the F 1s signals at 0° still shows the
nominal ratio of 0.28, whereas at 80°, the ratios in the F 1s and
C 1s spectra (FCFx/FPF6 = 0.75, CCFx/Chetero = 0.20, CCFx/Calkyl
= 0.17, and Calkyl/Chetero = 1.14) match those from the
deposition at RT.
Notably, the temperature range of the cation exchange
corresponds well to the glass transition temperature of 190 K
for bulk [C8C1Im][PF6].
38,39 It was found previously that the
bulk glass transition is in good agreement with the temper-
ature-dependent phase changes in thin IL films on Ag(111).4,8
For bulk [PFBMIm][PF6], a melting temperature of 339 K was
measured. We thus conclude that the [PFBMIm]+ cations
(either by themselves or accompanied by [PF6]
− anions)
within the mixed thin film become mobile at a much lower
temperature.
Temperature Stability of Mixed Films. To assess the
stability of the mixed IL films on Ag(111) toward temperature,
we heated the deposited mixed films from RT to above 500 K
with a constant heating rate of 2 K/min. As a reference, we also
studied the thin films of the pure ILs. The graphs in Figure 7
Figure 6. Thermal evolution of the respective F 1s and C 1s signals at
80° upon continuous heating of the layered IL film to RT after the
deposition of 1.0 ML of [C8C1Im][PF6] on top of a previously
deposited WL of [PFBMIm][PF6] on Ag(111) at 82 K. Heating rate,
2 K/min.
Figure 7. Intensity of F 1s (blue diamonds: F of [PF6]
−, red
diamonds: F of [PFBMIm]+) and Ag 3d (gray circles) peaks at 0°
upon continuous heating of thin IL films on Ag(111) above RT after
the deposition of (a) 1.4 ML of [C8C1Im][PF6],
8 (b) 1.4 ML of
[PFBMIm][PF6], and (c) 1.0 ML of [C8C1Im][PF6] on top of 0.5
ML of [PFBMIm][PF6]. The stability range of the multilayers is
shaded in dark gray and that of the WL in light gray. The desorption
temperatures of the multilayers and WLs, that is, the rate maxima
(which correspond to the inflection points of the decreasing signals)
are indicated by vertical arrows. Heating rate, 2 K/min.
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show the quantitative analysis of the respective F 1s signals; the
corresponding sets of F 1s spectra acquired during heating can
be found in Figures S8−S10 in the Supporting Information.
The desorption of 1.4 ML of pure [C8C1Im][PF6] from
Ag(111) (Figure 7a) occurs in two well-separated steps.8 The
film is stable up to about 385 K, followed by the desorption of
the multilayers until 415 K. Thereafter, desorption of the WL
starts at 435 K, and at 455 K, the film is completely desorbed.
The desorption of 1.4 ML of pure [PFBMIm][PF6] also
occurs in two, but not as well-resolved, steps (see Figure 7b).
The two F 1s signals related to the anion and cation remain
constant up to about 370 K, and thereafter show a first
decrease because of the desorption of multilayers. At ∼420 K,
the coverage of the WL is reached. Within this temperature
range, the intensity of the Ag 3d signal increases accordingly.
The desorption of the WL follows until, at ∼455 K, the IL film
is completely desorbed. Up to ∼415 K, the anion and cation
signals decrease simultaneously with a constant FCFx/FPF6 ratio
of ∼0.9 (see also the spectra in Figure S9 in the Supporting
Information), which is in line with the general observation of
IL desorption as ion pairs.9,25,28 At a higher temperature, that
is, in the desorption range of the WL, the FCFx peak becomes
larger than the FPF6 peak (see the spectrum for 434 K in Figure
S9), yielding a FCFx/FPF6 ratio of ∼1.3. This behavior indicates
the partial decomposition of [PFBMIm][PF6] in direct contact
with the Ag(111) surface and the desorption of the products in
this temperature range. This could also explain the fact that no
clear plateau for the WL is observed. Because of the
decomposition, no conclusions on the adsorption energy can
be deduced.
Interestingly, the multilayer desorption of [PFBMIm][PF6]
starts at a significantly lower temperature than that for
[C8C1Im][PF6]. Also, the temperature range for the multilayer
desorption of [PFBMIm][PF6] is broader than that for
[C8C1Im][PF6], and the separation between the desorption
of multilayer and WL steps is less defined. According to Hessey
and Jones,9 the desorption of IL multilayers occurs by a direct
emission of ion pairs into the gas phase via a high-mobility
transition state. The broader multilayer desorption range
might, in this regard, be related to a lower mobility of
[PFBMIm][PF6] compared to [C8C1Im][PF6].
Finally, Figure 7c shows the behavior of the mixed thin IL
film upon heating from RT to >500 K after the deposition of
1.0 ML of [C8C1Im][PF6] on 0.5 ML of [PFBMIm][PF6]
onto Ag(111). As expected from the experiment on the pure
films, no desorption was observed up to 370 K. A first decrease
of the IL-related signals occurs between 370 and ∼410 K. In
this temperature range, [PFBMIm][PF6] desorbs as intact ion
pairs, as concluded from the simultaneous decrease in FCFx
(red) and FPF6 (blue) signal intensities. Compared to the pure
[PFBMIm][PF6] film, complete desorption of [PFBMIm]-
[PF6] occurred already within the multilayer desorption
regime, that is, until ∼410 K, without any indication for
partial decomposition. As the signal from the pure [PFBMIm]-
[PF6] WL on Ag(111) is observed up to 455 K (Figure 7b),
our findings clearly show that its desorption temperature is
lowered considerably by the postdeposition of [C8C1Im][PF6].
A similar effect has been reported previously for mixed thin IL
films of [C8C1Im][PF6] and [C8C1Im][Tf2N],
8 where the
postdeposition of [C8C1Im][PF6] destabilized the WL of
[C8C1Im][Tf2N]. The multilayer desorption of [C8C1Im]-
[PF6] partly overlaps with the desorption of [PFBMIm][PF6]
from the mixed film and extends up to ∼420 K. The remaining
pure [C8C1Im][PF6] WL desorbs like a pure [C8C1Im][PF6]
film until 455 K.
■ CONCLUSIONS
We studied the ion distribution within mixed thin IL films after
the deposition of [C8C1Im][PF6] on top of a WL of
[PFBMIm][PF6] on Ag(111). The two ILs have the same
anion, but different cations. At RT, we observe the preferential
enrichment of the [PFBMIm]+ cations at the IL/vacuum
interface because of an immediate ion exchange at the IL/Ag
interface after the deposition of [C8C1Im][PF6]. In line with a
previous study of two ILs with identical cation but different
anions,8 we suggest that two main driving forces are
cooperatively responsible for the exchange process: a lower
surface tension of [PFBMIm][PF6] because of its fluorinated
chain, favoring its enrichment at the IL/vacuum interface, and
a larger adsorption energy of [C8C1Im][PF6] on Ag(111)
compared to [PFBMIm][PF6]. The partial decomposition of
the WL upon heating the pure [PFBMIm][PF6] film does not
allow for a direct comparison of the respective desorption
temperatures of the two ILs. However, the enrichment of the
[PFBMIm]+ cations at the IL/vacuum interface is stronger for
the nanoscale-mixed films than for the macroscopic mixtures,
where the influence of the IL/solid interface can be neglected.
We thus assume that the adsorption energy of [C8C1Im][PF6]
on Ag(111) is higher compared to that of [PFBMIm][PF6].
In deposition experiments at 82 K, the cation exchange at
the IL/solid interface does not occur, which we attribute to the
limited mobility within the IL film at this low temperature.
Upon heating the film to RT, we first observe a reorientation of
the cations at the IL/vacuum interface, such that the alkyl
chains at the [C8C1Im]
+ cations point toward the vacuum.
Between ∼160 and ∼220 K, a surface enrichment of
[PFBMIm]+ cations and the corresponding depletion of
[C8C1Im]
+ cations is found. No further changes in the surface
composition take place between 220 K and RT.
Upon heating the mixed IL film above RT, we observe the
complete desorption of [PFBMIm][PF6] from the mixed film
until 410 K, leaving a WL of pure [C8C1Im][PF6] on Ag(111),
which then desorbs until 455 K. This contrasts the situation for
pure [PFBMIm][PF6], where the WL desorbs with concom-
itant partial decomposition between 420 and 455 K. The
observed behavior thus indicates a destabilization of the WL of
[PFBMIm][PF6] by the postdeposition of [C8C1Im][PF6].
These findings open a route for selectively removing specific
ions or undesired components from the IL/support interfaces.8
In the present case, postdeposition of a second IL even enables
the complete removal of the intact [PFBMIm][PF6] WL from
the mixed layer on the surface, whereas for the pure
[PFBMIm][PF6] WL, decomposition was observed.
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Supporting Information
Additional instrumental information
1H and 13C NMR spectra were recorded on a Bruker Avance DPX 300 spectrometer and 
analyzed using the software MestReNova (version 9.0.1). IR spectra were recorded on a 
Bruker ALPHA Platinum FT-ATR instrument and analyzed with the Bruker Opus software 
(version 7.2). Melting points were determined using a Kofler hot bench.
Synthesis of [PFBMIm][PF6]
To 8.7 g (105 mmol) of 1-methylimidazole in 25 ml of acetonitrile, 10.0 g (36.5 mmol) of 
1,1,1,2,2-pentafluoro-4-iodobutane (purity: 97%) were added and the mixture refluxed for 
three days under argon atmosphere. After letting it cool to RT, 200 ml of diethyl ether were 
added under stirring, which led to precipitation of the raw product in form of a slightly 
reddish oil. The phases were separated and the denser one dried in vacuo. Then, the 
[PFBMIm]I oil was dissolved in 30 ml of water and 6.72 g (36.5 mmol) of potassium 
hexafluorophosphate, also dissolved in 30 ml of water, added under stirring. Agitation was 
continued for 10 minutes, followed by filtration of the precipitated product. The raw product 
was washed twice with 25 ml of water each, then dissolved in 50 ml of warm ethanol and 
reprecipitated using 200 ml of diethyl ether. After storing the mixture at -20 °C overnight, the 
product was filtered off, washed twice with 50 ml of diethyl ether each and dried under 
reduced pressure. 4.6 g of [PFBMIm][PF6] were isolated (35% total yield over two steps).
13C{1H}-NMR (75 MHz, CD3CN) δ= 137.63 (N-CH-N), 125.07 (N-CH-CH), 123.58 (N-
CH-CH), 123-112 (CF2 and CF3), 42.78 (N-CH2-CH2, t, JCF= 4.9 Hz), 37.09 (N-CH3), 
31.53 (CH2-CH2-CF2, t, JCF= 21.3 Hz) ppm. 1H-NMR (300 MHz, CD3CN) δ= 8.49 (N-CH-
N, 1H, t, JHH= 1.9 Hz), 7.45 (N-CH-CH, 1H, t, JHH= 1.9 Hz), 7.37 (N-CH-CH, 1H, t, 
JHH= 1.9 Hz), 4.49 (N-CH2-CH2, 2H, t, JHH= 7.2 Hz), 3.84 (N-CH3, 3H, s), 2.79 (CH2-
CH2-CF2, 2H, tt, JHF= 18.7 Hz, JHH= 7.2 Hz) ppm. FT-IR (ATR, neat) ν= 3178, 3118, 
1600, 1577, 1471, 1432, 1366, 1315, 1201, 1175, 1078, 991, 827, 741, 697, 622, 555, 
523 cm-1. Melting point: 339 K.
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Growth of [PFBMIm][PF6] on Ag(111)
The growth of [C8C1Im][PF6] on Ag(111) has been studied previously. Film morphologies 
close to 2D growth were deduced from ARXPS.1 In contrast, ultrathin [PFBMIm][PF6] films 
deposited on Ag(111) were not studied before. Figure S1 shows the attenuation of the Ag 3d 
substrate signal  as a function of the IL film thickness after deposition of 𝐼𝑑/𝐼0
[PFBMIm][PF6] on Ag(111) for 0° and 80° emission.
 
Figure S1: Normalized Ag 3d substrate signal (a) and ratios of the IL related signals 
CCFx:Chetero (b) and FCFx:FPF6 (c) from XPS in 0° and 80° as a function of the film thickness 
after deposition of [PFBMIm][PF6] on Ag(111) at RT. The ratios for the thick film (approx. 
0.1 mm thickness) were measured at 368 K. The higher temperature was necessary to avoid 
charging effects – the melting point of [PFBMIm][PF6] is 339 K. Charging was not observed 
in the thin film experiments.
As expected, the Ag 3d intensity decreases with increasing film thickness. Up to 0.5 ML 
(= WL) coverage, the measured intensity ratios  for 0° and 80° strictly coincide with the 𝐼𝑑/𝐼0
calculated values for 2D growth (solid and dashed lines, respectively), indicating the 
formation of a 2D wetting layer on Ag(111) with a checkerboard arrangement of alternating 
anions and cations. A similar interface structure was observed in previous studies for the 
S3
growth of [C8C1Im][PF6]1 and [C8C1Im][Tf2N]2 on Ag(111) by ARXPS at RT and for the 
latter also by STM at 110 K.3 
Above 0.5 ML, the systematic deviation from the 80° curve (calculated from 0°) 
indicates a certain degree of 3D island formation on top of the WL. A somewhat similar 
growth on top of a closed WL, was also observed by ARXPS for [C8C1Im][PF6]1 and 
[C8C1Im][Tf2N]2 on Ag(111). However, the deviations from the curve for ideal 2D growth 
are found to be larger for [PFBMIm][PF6] than for the other two ILs and the films finally 
obtained may have to be considered less flat.
Figure S1 also shows the ratios of the IL related signals CCFx:Chetero and FCFx:FPF6 as a 
function of film thickness. The ratios in 0° are similar to those observed for macroscopically 
thick films of approx. 0.1 mm thickness. In 80° emission, however, the deviation from the 
ratios observed for the thick film indicates that the enrichment effects are more pronounced 
for the thin PVD grown films.
Table S1: Film composition as measured by XPS of a 1.3 nm thick film of [PFBMIm][PF6] 
on Ag(111) from PVD (left) at RT and a macroscopic thick film (right, italics) at 368 K in 
normal emission (0°, top) and grazing emission (80°, bottom). The nominal ratios are given 
in brackets. The spectra for the thin film from PVD are shown in Figure S2, the spectra for 
the macroscopic film in Figure S3. Note that binding energy (BE) values for the PVD films 
increase by ~0.4 eV with increasing film thickness.
0° CCF3 1s CCF2 1s Chetero 1s N 1s P 2p FCFx 1s FPF6 1s
Atom ratio 1.0 / 1.2 (1) 0.9 / 0.9 (1) 5.4 / 5.8 (6) 1.6 / 2.0 (2) 0.9 / 1.0 (1) 5.8 / 5.4 (5) 6.4 / 5.7 (6)
FWHM / eV 1.4 / 1.4 1.4 / 1.4 2.1 / 1.9 1.4 / 1.5 1.4 / 1.3 2.1 / 2.1 1.9 / 1.8
BE / eV 293.7 / 293.6 291.3 / 291.3 286.9 / 287.0 402.3 / 402.3 136.6 / 136.6 689.1 / 688.9 686.9 / 686.8
80° CCF3 1s CCF2 1s Chetero 1s N 1s P 2p FCFx 1s FPF6 1s
Atom ratio 1.4 / 1.3 (1) 1.4 / 1.0 (1) 5.1 / 5.5 (6) 1.4 / 1.7 (2) 0.9 / 1.0 (1) 7.5 / 6.8 (5) 4.1 / 4.7 (6)
FWHM / eV 1.4 / 1.4 1.4 / 1.4 1.9 / 1.9 1.5 / 1.6 1.2 / 1.4 2.1 / 2.1 1.8 / 1.8
BE / eV 294.0 / 293.7 291.6 / 291.4 287.1 / 287.0 402.4 / 402.3 136.8 / 136.6 689.3 / 689.0 687.0 / 686.7
S4
Figure S2: XP spectra in 0° and 80° emission of a 1.3 nm thick film of [PFBMIm][PF6] on 
Ag(111) from PVD at RT. For the quantitative analysis see Table S1 (left).
Figure S3: XP spectra in 0° and 80° emission of a macroscopic film of [PFBMIm][PF6] on 
Ag foil at 368 K. For the quantitative analysis see Table S1.
S5
Table S2: Film composition of a 0.5 nm thick film of [PFBMIm][PF6] on Ag(111) from PVD 
at RT (left) and at 82 K (right, italics) in normal emission (0°, top) and grazing emission (80°, 
bottom). The nominal ratios are given in brackets.
0° CCF3 1s CCF2 1s Chetero 1s N 1s P 2p FCFx 1s FPF6 1s
Atom ratio - - - - - 5.4 / 4.5 (5) 5.6 / 6.5 (6)
FWHM / eV - - - - - 2.2 / 2.2 1.9 / 1.9
BE / eV - - - - - 689.0 / 688.9 686.6 / 686.8
80° CCF3 1s CCF2 1s Chetero 1s N 1s P 2p FCFx 1s FPF6 1s
Atom ratio 1.6 / 1.4 (1) 1.4 / 1.2 (1) 4.3 / 4.4 (6) - - 7.2 / 6.3 (5) 4.5 / 5.7 (6)
FWHM / eV 1.4 / 1.5 1.4 / 1.5 1.9 / 2.1 - - 2.2 / 2.2 1.9 / 1.9
BE / eV 294.0 / 293.6 291.6 / 291.1 287.1 / 286.7 - - 689.1 / 688.9 686.6 / 686.8
 
Figure S4: Surface and bulk composition represented by the ratio FCFx:FPF6 from the 
quantitative analysis of F 1s spectra in 0° and 80° emission compared to the nominal ratio 
(dashed line, calculated from the molar fractions) of mixed films from PVD of [C8C1Im][PF6] 
and [PFBMIm][PF6] on Ag(111) at RT as a function of the molar fraction (red triangles). The 
thickness of the mixed films ranged from 0.8 to 2.4 nm. The blue triangles represent data 
from macroscopic films with a thickness of approximately 0.1 mm measured at 368 K. The 
higher temperature was necessary to avoid charging effects – the melting point of 
[PFBIm][PF6] is 339 K. The analysis of F 1s showed only small deviations from the nominal 
ratio in 0°, but a strong enrichment of the PFB side chain at the IL/vacuum interface in 80°. 
Compared to the macroscopic films at 368 K, the thin films at RT showed overall stronger 
enrichment. 
S6
Thermal evolution of adsorbed IL layers
Figure S5: Series of C 1s and F 1s spectra at 80° emission during heating of the layered IL 
film to RT after the deposition of 1.0 ML of [C8C1Im][PF6] on top of a previously deposited 
film of 0.5 ML of [PFBMIm][PF6] on Ag(111) at 82 K, cf. Figure 6.
Figure S6: Series of C 1s and F 1s spectra at 80° emission during heating of the pure IL film 
to RT after the deposition of 1.5 ML of [C8C1Im][PF6] on Ag(111) at 82 K, cf. Figure S7.
S7
 
Figure S7: Intensities of the respective F 1s and C 1s signals in 80° during heating of 1.5 ML 
of [C8C1Im][PF6] on Ag(111) deposited at 82 K. Heating rate 2 K/min.
Figure S8: Series of F 1s spectra at 0° emission during heating of the IL film after deposition 
of 1.4 ML of [C8C1Im][PF6] on Ag(111) at RT, cf. Figure 7a.
S8
Figure S9: Series of F 1s spectra at 0° emission during heating of the IL film after deposition 
of 1.4 ML of [PFBIm][PF6] on Ag(111) at RT, cf. Figure 7b.
Figure S10: Series of F 1s spectra at 0° emission during heating of a mixed IL film after 
deposition of 1.0 ML of [C8C1Im][PF6] on top of a previously deposited film of 0.5 ML of 
[PFBMIm][PF6] on Ag(111) at RT, cf. Figure 7c.
S9
NMR and IR spectra of [PFBMIm][PF6]
Figure S11: 1H-NMR spectrum of [PFBMIm][PF6] in CD3CN.
S10
Figure S12: 13C{1H}-NMR spectrum of [PFBMIm][PF6] in CD3CN.
S11
Figure S13: ATR FT-IR spectrum of neat [PFBMIm][PF6].
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ABSTRACT: In light of increasing interest in the development of organic−organic
multicomponent heterostructures on metals, this molecular-scale study investigates
prototypical composite systems of ultrathin porphyrin and ionic liquid (IL) films on
metallic supports under well-defined ultrahigh vacuum conditions. By means of angle-
resolved X-ray photoelectron spectroscopy, we investigated the adsorption, stability,
and thermal exchange of the resulting films after sequential physical vapor deposition
of the free-base porphyrin 5,10,15,20-tetraphenylporphyrin, 2H-TPP, and the IL 1-
methyl-3-octylimidazolium hexafluorophosphate, [C8C1Im][PF6], on Ag(111) and
Au(111). 2H-TPP shows two-dimensional growth of up to two closed molecular layers on Ag(111) and Au(111) and three-
dimensional island growth for thicker films. IL films on top of a monolayer of 2H-TPP exhibit Stranski−Krastanov-like growth
and are stable up to 385 K. The 2H-TPP layer leads to destabilization of the IL films, compared to the IL in direct contact with
the bare metals, by inhibiting the specific adsorption of the ions on the metal surfaces. When the porphyrin is deposited on top
of [C8C1Im][PF6] at low temperature, the 2H-TPP molecules adsorb on top of the IL film at first but replace the IL at the IL/
metal interfaces upon heating above 240 K. This exchange process is most likely driven by the higher adsorption energy of 2H-
TPP on Ag(111) and Au(111) surfaces, as compared to the IL. The behavior observed on Ag(111) and Au(111) is identical.
The results are highly relevant for the stability of porphyrin/IL-based thin film catalyst systems and molecular devices, and more
generally, stacked organic multilayer architectures.
1. INTRODUCTION
One key ingredient for the development of high-performance,
multicomponent, molecular thin-film devices is a molecular-
level understanding of the adsorption and assembly of organic
constituents on the solid substrate. Desired surface and
interface arrangements and properties can only be achieved
by deliberate choice of the involved molecular building blocks
and control of the interplay between molecule−substrate and
intermolecular interactions.1−10
Owing to their vital role in numerous biological catalytic
reactions and transport processes,11,12 porphyrins are of
particular interest for technical applications.6,7,9,13−17 They
offer great functional diversity by variation of the substituents
at the periphery of the tetrapyrrole core of the molecule.
Knowledge and control of the formation and structure of self-
assembled porphyrin adlayers on the surface of solid supports
are essential for the synthesis of custom-tailored environments
and catalysts.5,8,9,13,14,18 The preparation of catalytically active
porphyrin-functionalized metal surfaces can be achieved by
physical vapor deposition (PVD) in ultrahigh vacuum
(UHV).5,9,19 One particularly popular and well-studied
representative is 5,10,15,20-tetraphenylporphyrin (2H-TPP,
see Figure 1a).
With reference to the rapidly growing interest in the
development of organic−organic multicomponent heterostruc-
tures on metals,10,20−28 recent studies on porphyrins and
related aromatic molecules highlight the importance of the
strength of the organic−metal interaction and how it relates to
the stability and arrangement of stacked multilayer architec-
tures within organic bilayer structures on metals.10,27,28
Wang et al. studied the deposition of copper-phthalocyanine
(Cu-Pc) onto monolayers of 6,13-pentacenequinone (P2O) or
5,7,12,14-pentacenetetrone (P4O) on Ag(111) at room
temperature (RT). They found that P2O is exchanged by
Cu-Pc on the Ag(111) surface, whereas for P4O, no exchange
occurs, that is, Cu-Pc remains on top of the P4O layer.27
Gallego et al.29 deposited a fullerene derivative (phenyl-C61-
butyric acid methyl ester, PCBM) onto a layer of a TTF
Received: September 7, 2019
Revised: November 12, 2019
Published: November 12, 2019
Figure 1. Molecular structures and van der Waals models of (a) 2H-
TPP and (b) [C8C1Im][PF6].
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derivative (2-[9-(1,3-dithiol-2-ylidene)anthracen-10(9H)-yli-
dene]-1,3-dithiole, exTTF) on Au(111). PCBM was found
to replace a large fraction of the exTTF molecules from the
metal surface to the outer surface because of preferential
interaction with the gold substrate. This exchange does not
occur, however, if the thickness of the exTTF layer is more
than one monolayer.29
Deimel et al.30 studied the deposition of ruthenium-
tetraphenylporphyrin [Ru(CO)TPP] and iron-phthalocyanine
(Fe-Pc) on a self-assembled monolayer (SAM) of 4-
fluorothiophenol (4-FTP) on Ag(111) at 90 K. Upon heating
the resulting Ru(CO)TPP/4-FTP/Ag(111) and Fe-Pc/4-
FTP/Ag(111) systems, they observed by temperature-pro-
grammed X-ray photoelectron spectroscopy (XPS) that the
Ru(CO)TPP and Fe-Pc molecules slip under the SAM at
temperatures of 175 and 235 K, respectively. On the basis of
earlier work,20,31−33 they concluded that the interaction of Fe-
Pc with the silver substrate is comparatively stronger.30
Interestingly, various other porphyrins deposited onto SAMs
on Au, that is, 2H-TPP/CnH2n+1SH (with 8−16 C atoms;
SAM thickness: 1.25−2.13 nm),33 Co-TPP on 4-pyridinethio-
late,31 and 2,3,7,8,12,13,17,18-octaethylporphinatozinc (Zn-
OEP) on 4-pyridinethiolate,32 appeared to be stable at RT. In
the latter two cases, the N atom of 4-pyridinethiolate binds to
the respective central metal atom of Co-TPP and Zn-OEP.31,32
Thussing and Jakob28 also observed temperature-dependent
exchange processes while heating stacked layers of Cu-Pc and
3,4,9,10-perylene-tetracarboxylic-dianhydride (PTCDA) on
Ag(111) deposited at 80 K. Notably, the thermal stability of
the bilayer changes drastically if the order of the stack is
reversed, which is related to the simultaneous desorption of
molecules.28 Similar exchange and desorption phenomena
were observed for bilayers of titanyl-phthalocyanine and
PTCDA on Ag(111).10
The aim of our study now is to study the interaction of
adsorbed porphyrin monolayers with ionic liquids (ILs) and
the stability of sequentially deposited composite layers under
well-defined UHV conditions. As far as we are aware of, this is
the first investigation of this kind. ILs are salts with a melting
point typically below 100 °C, which combine extremely low
vapor pressures with a large number of tunable chemical and
physicochemical properties, depending on the nature of their
cation/anion combination. In analogy to the above-mentioned
examples, molecular exchange and preferential adsorption were
also observed after sequential deposition of two different ILs
on Ag(111).34,35 In particular, the selective replacement of
anions and cations at the metal interface was found. After
deposition below 90 K, the exchange occurs during heating at
around 190 K. This temperature agrees well with the bulk glass
transition temperature of the postdeposited IL.34,35
Thin films of ILs are of high relevance for a variety of
applications. Deposited on high surface area solid supports,
they are the key ingredient to effective SCILL36 (solid catalyst
with IL layer) and SILP37−39 (supported IL phase)
catalysts.36−38,40−53 Furthermore, they also show an increasing
potential for widespread use, for example, in sensors,48,54−57
lubrication,58−60 separation,39,48,57,61−63 electrochemis-
try,48,57,64−75 and dye-sensitized solar cell76,77 technologies.
For these thin IL film applications, the function, performance,
and stability of the system are strongly determined by the
interface properties.53,78−83 Understanding in detail the
interaction of the IL with the support is of high importance.
The specifics of the interaction determine how the ions arrange
at the interface and whether the IL film grows in the form of
uniform layers or three-dimensional (3D) islands.34,53,83−90
For the present study, we choose the free-base porphyrin
2H-TPP (Figure 1a) and the IL [C8C1Im][PF6] (Figure 1b) as
prototypical representatives of porphyrin and IL species,
respectively. These appear as promising candidates for forming
layered IL/porphyrin films because 2H-TPP does not dissolve
in [C8C1Im][PF6], as has been checked by dissolution
experiments. Ag(111) and Au(111) surfaces serve as supports.
In addition to the excellent suitability as model systems, Ag
and Au could be relevant for future applications in SCILL89 in
the form of Au/Ag alloys where Ag activates molecular oxygen
in oxygen-assisted coupling reactions.91,92 Ag(111) and
Au(111) show low reactivity toward 2H-TPP and [C8C1Im]-
[PF6], and no changes in the atomic structure of these surfaces
were reported upon deposition of porphyrins or ILs.5,89,93 On
the basis of earlier detailed studies of [C8C1Im][PF6] on
Ag(111)34,35 and of 2H-TPP on Ag(111)94−96 and
Au(111),33,96,97 our study aims for a detailed analysis of the
interaction of porphyrins with ILs at support interfaces and
sets the ground for potential future studies of reactions (e.g.,
metalation)94,95,98 of porphyrins at IL/solid interfaces. The
experiments were performed using angle-resolved X-ray
photoelectron spectroscopy (ARXPS) with Al Kα radiation
at emission angles of 0° and 80°. The information depth (ID)
is 7−9 nm at 0° (depending on the kinetic energy) and only
1−1.5 nm at 80°. Thus, in the latter case, the experiment is
about 6 times more surface sensitive, and mainly the topmost
surface layer is probed (for details see the Experimental
Section).
2. EXPERIMENTAL SECTION
[C8C1Im][PF6] was purchased from Sigma-Aldrich (purity
>95%), and 2H-TPP was purchased from Porphyrin Systems
(purity 98%). Both chemicals were carefully degassed in UHV
at an elevated temperature prior to the deposition experiments.
[C8C1Im][PF6] and 2H-TPP were deposited via
PVD19,34,35,89,99 using two separate effusion cells34 at cell
temperatures of around 443 and 590 K, respectively. The flux
was checked with a quartz crystal microbalance before and
after deposition. With the exception of dialkylimidazolium
halides,100,101 most other alkylimidazolium ILs evaporate intact
in the form of neutral ion pairs.34,35,85,89,99,101−110
Round Ag(111) and Au(111) single crystals with diameters
of 15 mm were purchased from MaTeck (purity 99.999%,
polished with an alignment better than 0.1° to the (111)
plane). The crystals were prepared by Ar+ sputtering (600 V, 8
μA, 30 min) followed by annealing (800 K, 10 min). The
temperature of the single crystals was measured using type K
thermocouples put into a 0.5 mm wide pinhole of the crystal
with an absolute accuracy of ±20 K and a reproducibility of ±2
K.
The UHV system ARXPS has been described previously.89
In short, the ARXP spectra were acquired using a non-
monochromated Al Kα X-ray source (SPECS XR 50, 1486.6
eV, 240 W) and a hemispherical electron analyzer (VG
SCIENTA R3000). A pass energy of 100 eV was applied for all
spectra yielding an overall energy resolution of about 0.9 eV.89
The spectra were quantitatively evaluated in CasaXPS
V2.3.16Dev6. We subtracted Shirley backgrounds111 for Ag
3d and Au 4f core levels. Because of overlapping plasmon and
shake-up satellites and the inelastically scattered electrons of
the Ag 3d lines,112−115 an additional background was
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subtracted in the N 1s region on Ag(111); for further details,
see ref 89. In all other cases (N 1s on Au(111) and F 1s and C
1s spectra on both substrates), linear backgrounds were
subtracted. The IL spectra were fitted with a Voigt profile
(30% Lorentzian contribution). For fitting of the IL C 1s
peaks, we applied a constraint of fwhm(Chetero) = 1.11 ×
fwhm(Calkyl).
34,35,89,105 All binding energies (BEs) were
referenced to the Fermi edge, yielding 368.2 eV for the Ag
3d5/2 line and 83.85 eV for Au 4f7/2. Temperature-programmed
XPS was performed at a heating rate of 2 K/min.
The coverage of 2H-TPP and [C8C1Im][PF6] on the metal
surfaces was characterized by measuring the attenuation of the
substrate signal (Ag 3d, Au 4f) at an emission angle of ϑ = 0°.
The interface composition was determined by comparing the
relative intensities from the quantitative analysis of the XP
spectra in 0° and 80° emission. When using Al Kα radiation,
the ID at normal emission ϑ = 0° is 7−9 nm (depending on
the kinetic energy). At ϑ = 80°, ID is only 1−1.5 nm, which
means that only the topmost surface layers are probed. ID is
defined as 3 times the inelastic mean free path, λ, of an electron
at a given kinetic energy.34 For Ag 3d electrons with a kinetic
energy around 1.1 keV, λ is 2.5 nm in IL films,34,89 and for Au
4f electrons (1.4 keV), it is 3.0 nm.87,105,116,117 On the basis of
the similarities in chemical composition and density, similar λ
values for 2H-TPP are assumed.
For homogeneous two-dimensional (2D) growth, the
substrate signal at the angle ϑ decreases from its intensity I0
for the clean surface to a value Id for a film with thickness d
according to34,89,105
= λ− · ϑI
I
e dd
0
/ cos
(1)
Note that for ideal layer-by-layer growth (i.e., each
individual layer is completed before a new layer starts to
grow on top), the substrate signals should decrease in a
section-wise linear fashion for each layer.85,105,118 The statistics
of our data are, however, insufficient to clearly resolve the
slope changes between adjacent straight sections. Similar to
previous studies,34,35,85,87,89,119,120 we determined information
on the growth behavior by first estimating the mean film
thickness d for each deposition experiment from the Id/I0
ratios in the bulk-sensitive geometry at ϑ = 0° according to eq
1. Using this thickness, we then calculated the value expected
for 2D growth in the surface-sensitive geometry at 80°, again
using eq 1. Agreement between the experimental data at 80°
and the calculation for 80° indicates 2D growth, whereas Id/
I0(80°) ratios above the calculated curve indicate a 3D
morphology of the IL film; similar behavior has been described
for several other systems.34,35,85,87,89,119,120
IL coverage is given in ML, where 1 ML is defined as a
closed double layer of ions irrespective of their relative
arrangement.34,35,89,99,107 The monolayer height is calculated
as the cubic root of the molecular volume Vm based on mass
density ρ values from the literature. Using the literature value
for Vm,
121 hML of [C8C1Im][PF6] was calculated to be 0.77
nm.34,35
In this work, the porphyrin coverage is given in the number
(multiples) of complete layers. This means, one monolayer
corresponds to one complete layer with all porphyrin
molecules in direct contact with the metal surface. In some
previous publications, the porphyrin coverage in “ML” was
defined as the number of porphyrin molecules per metal atom
of the substrate. For 2H-TPP on Ag(111), one monolayer
corresponds by this definition to a coverage of 0.037 ML.94 To
avoid any confusion, the unit “ML” will not be used to denote
porphyrin coverages in this work. Unless indicated in the text
otherwise, monolayer coverage of 2H-TPP on Ag(111) and
Au(111) was achieved by heating to 500 K (above the
multilayer desorption temperature)122 after the deposition of
multilayers of porphyrin on the metal crystal. From the
attenuation of the substrate XPS signal in 0° emission, the
height of the 2H-TPP monolayer was calculated to be 0.34 nm
using λ = 2.5 nm on Ag(111) and λ = 3.0 nm on Au(111), as
stated above. Upon heating above 525 K, signs of dehydrogen-
ation at the phenyl groups were reported for 2H-TPP
molecules in contact with the Ag(111) surface.123 In this
work, the porphyrin layers were only heated to 500 K to avoid
dehydrogenation at the molecule’s periphery. XPS analysis did
not give any indication of decomposition upon heating up to
500 K.
3. RESULTS AND DISCUSSION
3.1. Growth and Desorption of 2H-TPP on Ag(111)
and Au(111). As a first step, we characterize the growth
behavior of 2H-TPP on the two different substrates. For
coverages of up to one closed layer of 2H-TPP, that is, for
molecules in direct contact with the substrate, the behavior is
well-studied on Ag(111)94−96 and Au(111).33,96,97 In contrast,
information on the multilayer structure of porphyrins on metal
substrates is scarce.26,124−129 For applications in organic
electronic devices, this multilayer structure is of utmost
importance127,130 because the molecular arrangement and
orientation define parameters such as charge-carrier mobility
and device efficiency.10,28,127,131
To investigate the growth of 2H-TPP from sub-monolayer
to multilayer coverages, we deposited increasing amounts of
2H-TPP onto the two substrates. Figure 2 shows the
attenuation of the ARXPS signal intensity (at 0° and 80°) of
the supporting metals (Ag 3d and Au 4f) as a function of
porphyrin coverage on Ag(111) and Au(111), respectively, for
deposition at RT (between 295 and 315 K) and at low
temperature (LT, between 80 and 85 K). Overall, we observe
very similar behavior on the two surfaces and at both
temperatures. In each case, the data for 80° (open symbols)
exactly follows the prediction for 2D growth (dashed lines; see
the Experimental Section for details on the calculation) up to
one monolayer, that is, an average thickness of ∼0.34 nm. This
behavior indicates the formation of a homogeneous closed
layer of flat-lying porphyrin molecules, in line with the
literature. Self-assembly of the porphyrin molecules into
extended, ordered 2D networks on Ag(111) and Au(111)
has been reported at RT and below 100 K.33,93,95−97,132,133
Isolated 2H-TPP molecules are considered highly mobile on
both metal surfaces at 300 K,96 and the formation of ordered
2D networks is driven by the relatively strong molecule−
molecule interaction.5,33,93,96,97,122,123,132−139
The good agreement between the substrate signal intensity
and the calculation for 2D growth continues until a coverage of
approximately two monolayers (∼0.68 nm) is reached. This
behavior suggests that upon increasing the coverage, a second
closed layer is formed on top of the first 2H-TPP layer. For
higher coverages, the 80° data points in Figure 2 fall above the
prediction for 2D growth (dashed lines), which is indicative of
3D island growth. This growth behavior is denoted as
Stranski−Krastanov-like growth.140 Pronounced 3D growth
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on top of two closed molecular layers was also observed for
Cu-Pc on Cu(111) at RT129 and for other large π-conjugated
molecules on Ag(111) and Au(111).141−144 While the initial
2D adlayers benefit from the strong adsorption of the
molecules to the metal surface, the formation of relaxed 3D
crystallites on top of the initial adlayers could be
thermodynamically favored because it lowers the contact area
to the strained layers below.142 From crystallography,
tetragonal145 and triclinic146 structures were reported for 2H-
TPP. Within the porphyrin crystals, the macrocycle is less
twisted than in the surface-confined 2H-TPP monolayer on
Ag(111) and Au(111); furthermore, in the crystal, stacking of
the aromatic systems dominates the intermolecular interac-
tions,145,146 whereas in the 2H-TPP monolayer on Ag(111)
and Au(111), T-type interactions determine the struc-
ture.97,133,134,136 This results not only in different tilt angles
of the phenyl legs with respect to the macrocycle but generally
very different molecular arrangements.127
Comparing the data at RT (red) to that at LT (blue) in
Figure 2, we note that the variation of the support temperature
between 80 and 315 K does not affect the growth behavior of
2H-TPP on both surfaces in the first two layers. In a previous
study, Rojas et al.132 reported for 2H-TPP on Ag(111) at 58 K
the nucleation of a second layer of porphyrin molecules on top
of initial adislands before the completion of the first layer.
While terrace diffusion on Ag(111) was reported to occur at
temperatures as low as 58 K, the porphyrin islands of double-
layer height appeared to be stabilized by limited diffusion of
the molecules across the island boundaries. Upon heating
above 100 K, the second-layer porphyrin molecules crossed the
island boundaries and attached to the periphery of the first-
layer islands.132 Our results indicate that immediately after
impact on the surface at 80−85 K, the kinetic energy of the
2H-TPP molecules is large enough to enable diffusion across
the island boundaries, allowing for the formation of flat 2D
islands for coverages of up to two closed porphyrin layers on
Ag(111) and Au(111).
Next, we address the thermal stability of 2H-TPP multilayers
on Ag(111) and Au(111). Figure 3 shows the thermal
evolution of the porphyrin C 1s and the corresponding metal
substrate signals at 0° emission during heating of 2H-TPP
multilayer films up to 540 K. The behavior on both surfaces is
very similar. The signals remain constant until 440 K, where
the C 1s intensity starts to decrease, and simultaneously the Ag
3d and Au 4f intensities increase. This behavior is attributed to
desorption of the 2H-TPP multilayers, which is completed at
around 480 K; above this temperature, no further changes are
observed. From a Leading-Edge-like analysis107,147 of the data,
we obtain an activation energy EA of 193 kJ/mol (±22 kJ/mol)
for multilayer desorption of 2H-TPP. From the residual C 1s
intensity and the remaining attenuation of the Ag 3d and Au 4f
substrate signals, we conclude that one closed monolayer of
intact 2H-TPP remains present after multilayer desorption.
Our observations are in agreement with a previous
temperature-programmed desorption study of 2H-TPP on
Ag(111),122 where the multilayers were found to desorb below
490 K. Furthermore, previous studies demonstratedin
contrast to earlier assumptions9,122,123,127partial dehydro-
genation of 2H-TPP monolayers on Ag(111) above 525
K.9,122,123 While the exact onset of decomposition is still not
clear and no detailed study on Au(111) is available, we
refrained from heating above 500 K during the preparation of a
monolayer coverage of 2H-TPP by multilayer desorption to
avoid any undesired reactions of the 2H-TPP molecules. Di
Santo et al. reported a shift to lower BE of the N 1s and C 1s
signals and a change in the C 1s peak shape after heating to
550 K in case of Ag(111); both effects were attributed to a
change in the orientation of the phenyl groups of the 2H-TPP
molecule relative to the metal surface upon dehydrogen-
ation.123 In the present study, the spectra of monolayer 2H-
TPP films showed no difference after heating to 500 K
compared to films of similar thickness prepared by direct
deposition.
3.2. Growth and Desorption of [C8C1Im][PF6] on 2H-
TPP-Covered Ag(111) and Au(111). To study the
interaction between the IL [C8C1Im][PF6] and the neutral
Figure 2. Attenuation of the (a) Ag 3d and (b) Au 4f signals in 0°
(closed symbols) and 80° (open symbols) emission as a function of
the nominal porphyrin film thickness on Ag(111) and Au(111),
respectively. Porphyrin deposition was performed at RT (295−315 K,
red) and at LT (80−85 K, blue). Ideal curves for 2D growth were
calculated using values for λ of 2.5 nm for Ag 3d electrons and 3.0 nm
for Au 4f electrons. For more details, see the Experimental Section.
Figure 3. C 1s peak intensity (purple) and Ag 3d and Au 4f intensities
(gray), as determined from temperature-programmed XPS in 0°
emission upon heating three layers of 2H-TPP deposited on (a)
Ag(111) and (b) Au(111) at RT. Heating rate: 2 K/min.
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2H-TPP molecule, we deposited [C8C1Im][PF6] onto
Ag(111) and Au(111) covered with one closed monolayer of
2H-TPP (prepared by multilayer desorption at 480 K, see
previous section). For comparison, we performed the same
experiments also on bare surfaces. In each case, the IL growth
behavior was monitored via the attenuation of the metal
signals, Id/I0, as a function of the IL film thickness; note that
for the 2H-TPP-precovered surface, I0 is smaller than for the
bare surface because of the attenuation by the preadsorbed
porphyrin layer. Figure 4 shows the corresponding data for IL
deposition at RT (green and red symbols) and at LT (blue;
only for bare metal surfaces); the data for [C8C1Im][PF6] on
bare Ag(111) was in part already published.34 For ILs, the
coverage of 1 ML is defined as one layer ion pairs vertically
arranged on top of each other,34,35,85,89,99,105,120 with a height
0.77 nm for [C8C1Im][PF6];
34,35 thus, one closed layer of
anions and cations adsorbed next to each other corresponds to
0.5 ML (for details, see the Experimental Section).
Up to a coverage of 0.5 ML [C8C1Im][PF6] (0.38 nm), the
80° data for both 2H-TPP-precovered surfaces in Figure 4
(open green symbols) display the characteristics of 2D growth,
that is, they follow the dashed lines. This behavior indicates the
formation of a homogeneous IL wetting layer (WL) with
anions and cations adsorbed next to each other on top of the
2H-TPP monolayer. The formation of a WL is also observed
for [C8C1Im][PF6] on bare metal surfaces (open red symbols).
At IL film thicknesses above 0.5 ML, that is, starting with the
second molecular IL layer, we systematically find a lower
attenuation (larger intensity) in the 80° data than predicted for
ideal 2D growth (dashed line). This deviation appears to be
larger on the 2H-TPP-covered metals (green) than on the bare
metals (red, blue) and indicates a more pronounced 3D
character of the IL islands. The growth behavior of
[C8C1Im][PF6] on the bare Ag(111) and Au(111) surfaces
is very similar to each other and does not appear to be
influenced by a variation of the support temperature between
80 and 315 K. For details on the molecular orientation for
varying thicknesses of [C8C1Im][PF6] films on bare Ag(111)
and Au(111) at RT, see Figure S1 in the Supporting
Information.
Figure 5 shows the F 1s, N 1s, and C 1s spectra at 80°
emission after deposition of 1.3 ML of [C8C1Im][PF6] on top
of a monolayer of 2H-TPP on Ag(111) at RT. Notably,
measurements at 80° (grazing emission) probe only the
topmost surface layers. With an ID of only 1−1.5 nm, the
resulting XP spectra are very sensitive to changes in the
composition of the IL/vacuum interface of the sample, for
example, by reorientation, selective enrichment, or preferential
accumulation of one or more components.
The C 1s spectrum of the 2H-TPP monolayer in Figure 5II
displays one dominating peak at 284.9 eV (violet), which
corresponds to the 44 aromatic C atoms in the porphyrin
molecule,123 along with two shake-up satellites at 288.6 and
291.6 eV which are common for molecules with extended
conjugated π systems.94,148 In the N 1s region, we find two
Figure 4. Attenuation of the (a) Ag 3d and (b) Au 4f signals in 0°
(closed) and 80° (open) emission as a function of the nominal
[C8C1Im][PF6] film thickness on Ag(111) and Au(111), respectively.
The IL films were deposited onto the 2H-TPP-precovered (green)
and pristine substrates at RT (295−315 K, red) and at LT (80−85 K,
blue). RT data for [C8C1Im][PF6] on Ag(111) was adapted in part
from ref 34. Ideal curves for 2D growth were calculated using values
for λ of 2.5 nm for Ag 3d electrons and 3.0 nm for Au 4f electrons.
For more details, see the Experimental Section.
Figure 5. XP spectra of F 1s, N 1s, and C 1s core levels at 80° emission for (I) the clean Ag(111) surface, (II) a monolayer of 2H-TPP on Ag(111),
(III) after deposition of 1.3 ML of [C8C1Im][PF6] on the 2H-TPP monolayer at RT, and (IV) after heating the film to 500 K. 2H-TPP-related
signals are shown in purple color, and IL-related signals are colored according to the vdW models in Figure 1.
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peaks (violet), one at 400.2 eV for the two pyrrolic (aminic,
N−H) N atoms and one at 398.2 eV for the two iminic N
atoms of the free-base porphyrin molecule.98,149 The ratio of
Niminic/Npyrrolic of 0.9 at 80° emission is somewhat smaller than
the nominal ratio of 1.0. This difference is attributed to the so-
called saddle-shape conformation of 2H-TPP on the Ag(111)
and Au(111) surfaces:5,93,96,97,135 In this twisted conformation,
the pyrrolic N−H moieties point toward the vacuum side and
the iminic N atoms toward the metal surface. At 80° emission
angle, this conformation could lead to an enhanced signal for
the former and an attenuated signal for the latter because of
inelastic scattering of the photoelectrons.
The deposition of 1.3 ML of [C8C1Im][PF6] on top of the
porphyrin monolayer on Ag(111), Figure 5III, results in two
new contributions in the C 1s region at 287.5 (gray) and 285.8
eV (yellow) because of the five Chetero atoms (i.e., carbon
bound to nitrogen in the ring) and the seven Calkyl atoms (i.e.,
carbon bound to carbon and hydrogen in the chain) of the
imidazolium cation. The additional N 1s peak at 402.6 eV
(gray) corresponds to the two N atoms of the cation, and the F
1s peak at 687.3 eV (blue) corresponds to the six F atoms of
the [PF6]
− anion. The intensities of the porphyrin C 1s and N
1s signals strongly decrease upon IL deposition; the BEs of the
IL-related peaks correspond very well to those of neat
[C8C1Im][PF6] films of thickness similar to that of the
porphyrin/IL composite film described here. We therefore
conclude that the IL film covers the porphyrin layer, that is, the
porphyrin molecules remain at the Ag(111) interface with the
IL on top.
The deposition of an additional monolayer equivalent of
2H-TPP on top of an IL-covered 2H-TPP monolayer on
Ag(111) at RT (see Figure S2 in the Supporting Information)
leads to the intercalation of the second 2H-TPP layer between
the IL and the first 2H-TPP layer such that the IL film remains
at the vacuum interface with a 2H-TPP double layer below.
For the Au(111) surface, we obtain very similar results, as is
evident from Figure 6, where the F 1s, N 1s, and C 1s spectra
at 80° are depicted for 1.1 ML of [C8C1Im][PF6] deposited on
top of a single layer of 2H-TPP on Au(111) at RT. After
deposition of 2H-TPP (Figure 6II), we observe the expected
porphyrin-related contributions. Upon successive deposition of
the IL on top of the porphyrin monolayer (Figure 6III), we
note the same additional IL-related contributions as on
Ag(111). Again, similar to the situation above, the porphyrin
signals decrease considerably, which shows that the IL film
covers the porphyrin layer below while the porphyrin
molecules remain on the Au(111) surface. The consistent
observation of the porphyrin layer remaining at the substrate
interface for both metals rules out intercalation of the IL
between the porphyrin layer and the metal substrate under the
applied experimental conditions. This contrasts the situation,
for example, ILs on graphene, where spontaneous intercalation
was observed at RT.150
In the next step, we studied the thermal stability of the
composite films of IL on the porphyrin-covered metals by
heating to 500 K. The corresponding results for the Ag(111)
surface are shown in Figure 5IV. After heating, the XPS signals
related to [C8C1Im][PF6] (yellow, gray, and blue) disappear
entirely, and the initial intensities of the porphyrin peaks in the
C 1s and N 1s regions (violet) are restored. This can be
explained by complete desorption of [C8C1Im][PF6] from the
surface, uncovering the intact porphyrin monolayer below the
IL layer without any signs of decomposition.
For the IL film on the 2H-TPP-covered Au(111), we also
observe the complete removal of the anion-related F 1s signal
after heating to 500 K on Au(111), as is evident from Figure
6IV. However, in contrast to Ag(111), we note a slight shift of
the porphyrin-related signals to higher BE and residual peaks,
which seem to be related to the IL cation. The shift of the 2H-
TPP-related N 1s and C 1s signals to higher BE after
desorption could be a sign of dehydrogenation at the periphery
of the 2H-TPP molecules.123 The residuals in the N 1s and C
1s regions could be interpreted as a result of decomposition of
the IL in such a way that the [PF6]
− anions are fully gone from
the surface and fragments of the cationperhaps as a result of
carbene formationremain. Similar residuals in the N 1s and
C 1s spectra are also observed in slightly larger amounts upon
desorption of this IL from bare Au(111), that is, in the absence
of 2H-TPP (see Figure S3 in the Supporting Information).
These observations indicate that the decomposition occurs
independently of the porphyrin interlayer. We carefully
checked for potential influence of X-ray beam damage; but
neither lowering the X-ray exposure from typically over 3 h for
the whole heating series to less than 10 min before recording
the final spectra after heating to 500 K nor varying the amount
of IL deposited leads to notable changes in the amount of
Figure 6. XP spectra of F 1s, N 1s, and C 1s core levels at 80° emission for (I) the clean Au(111) surface, (II) a monolayer of 2H-TPP on Au(111),
(III) after deposition of 1.1 ML of [C8C1Im][PF6] on the 2H-TPP monolayer at RT, and (IV) after heating the film to 500 K (color coding as in
Figure 5).
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residuals formed upon desorption of the IL from bare and 2H-
TPP-covered Au(111).
Interestingly, complete desorption of [C8C1Im][PF6] with
no signs of thermal decomposition has been observed for bare
and 2H-TPP-covered Ag(111). Note that this is not generally
the case on Ag(111), as thermal decomposition has been
reported for an imidazolium-based IL with a partially
fluorinated alkyl chain.35
In the following, we take a closer look at the desorption
processes on the bare and the 2H-TPP-covered Ag(111) and
Au(111) surfaces. Figure 7 shows the thermal evolution of the
IL FPF6 signals (blue and orange) and the substrate signals
(gray) from in situ temperature-programmed XPS at 0°
emission upon heating with a constant heating rate of 2 K/min.
On the bare metal surfaces (Figure 7a), the anion-related FPF6
intensity stays nearly unchanged until about 385 K before it
decreases to zero in two steps. The intensity of the respective
Ag 3d and Au 4f signals increases accordingly. The first step
with an inflection point at 405 K is attributed to the desorption
of the IL multilayers, with a single WL of [C8C1Im][PF6]
remaining on the surface.34,35 From a Leading-Edge-like
analysis107,147 of the data, we obtain an activation energy EA
of 167 kJ/mol (±18 kJ/mol) for multilayer desorption of
[C8C1Im][PF6], which is roughly in agreement with the value
of 143 kJ/mol (±4 kJ/mol) published for [C8C1Im][PF6]
desorption from macroscopic IL samples.102 The second step-
wise decrease in the intensity of the FPF6 signal is in each case
attributed to desorption of the remaining IL WL. Comparing
the two graphs for the bare Ag(111) and Au(111) surfaces in
Figure 7a, we observe desorption of the IL WL at a similar
desorption temperature of about 445 K on both supports.34,35
The similar desorption temperature of the IL WL from bare
Ag(111) and bare Au(111) indicates a similar adsorption
energy of [C8C1Im][PF6] on both substrates. This behavior is
surprising at first sight as Ag surfaces are generally considered
more reactive than Au, an expectation that is based on the
classic d-band center model, which was established around
small molecules on metal surfaces.8 On the other hand, in light
of the ionic nature of [C8C1Im][PF6] and the larger
polarizability of Au compared to Ag,8 one could expect a
larger image dipole, yielding a larger adsorption energy on
Au(111). Interestingly, very similar adsorption energies were
also reported for structurally simpler aromatic molecules such
as benzene on Ag(111) and Au(111).8,151,152 There, it was
argued that the sensitivity of many-body contributions to the
planar atomic density of face-centered cubic metals combined
with the balance between Pauli repulsion and van der Waals
forces between molecules and surface atoms can lead to very
similar adsorption energies.8 Concerning the ILs studied here,
we again note that on Au(111), the desorption of the IL WL
from Au(111) goes along with a certain degree of
decomposition (see above), which could also have an influence
on the desorption behavior.
Next, we discuss the IL desorption on the 2H-TPP-covered
surfaces in Figure 7b. The multilayer desorption of [C8C1Im]-
[PF6] is found to be identical to that on the bare surfaces.
Interestingly, we do not observe the separate desorption of the
WL at higher temperatures like on the bare surfaces. Instead,
the entire IL film desorbs until 425 K, that is, at the same
temperature as the multilayer. This desorption temperature of
405 K is about 40 K lower than the IL WL desorption
temperature of 445 K on bare Ag(111) and Au(111) in Figure
Figure 7. Thermal evolution of F 1s, Ag 3d, and Au 4f signal
intensities at 0° emission from temperature-programmed XPS upon
heating (a) films of [C8C1Im][PF6] on Ag(111) and Au(111) and (b)
films of [C8C1Im][PF6] on a monolayer of 2H-TPP on Ag(111) and
Au(111). The films were heated from RT to 500 K with a heating rate
of 2 K/min.
Figure 8. Spectra (80°) of F 1s, C 1s, and N 1s core levels for (I) clean Ag(111), (II) after deposition of 1 ML of [C8C1Im][PF6] at 84 K, (III)
after direct deposition of a monolayer of 2H-TPP on top at 84 K, and (IV) after heating to RT. Color coding as in Figures 5 and 6.
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7a. From this observation, we conclude that the interaction of
[C8C1Im][PF6] with the 2H-TPP-covered surface is different
from that with the bare metal surfaces. The 2H-TPP layer acts
as a spacer between [C8C1Im][PF6] and the metals. It
effectively inhibits the specific interaction of the IL WL with
the metal, which leads to a pseudo-multilayer behavior of the
IL WL on 2H-TPP. At this point, we need to mention that on
the 2H-TPP-covered Ag(111) surface, the IL appears sensitive
to the X-ray exposure accumulated prior to desorption. After
exposing the system for more than 90 min, we observe that a
fraction of the F 1s signal can remain up to 480 K (not shown),
which we attribute to beam damage. Thus, the experiments
had to be performed with minimum exposure to X-rays.
After the complete desorption of the IL, at 500 K, the intact
porphyrin layer is retained on Ag(111) (compare Figure 5IV
to 5II), as already mentioned above. On Au(111), the residual
cation-related XPS signals at 500 K on Au(111) (compare
Figure 6IV to 6II) hint at a lower stability of the
[C8C1Im][PF6] WL on 2H-TPP-covered Au(111) as a result
of decomposition. As already mentioned above, also the
desorption of the IL from bare Au(111) shows similar residuals
in C 1s and N 1s, indicating that there is no direct influence of
the 2H-TPP layer on the decomposition of the IL.
3.3. Deposition at LT and Exchange of [C8C1Im][PF6]
by 2H-TPP at the IL/Metal Interface. To further extend our
understanding of the interaction of [C8C1Im][PF6] and 2H-
TPP at the interfaces of Ag(111) and Au(111), the order of
the deposition process was reversed. We first deposited 1 ML
of [C8C1Im][PF6] at LT (80−84 K), followed by a single layer
of 2H-TPP directly on top of the IL layer, again at LT. This
composite film was subsequently heated to RT. XP spectra
were measured after each preparation step.
Figure 8 shows the F 1s, C 1s, and N 1s spectra at 80° for
this deposition experiment on Ag(111) at 84 K. Figure 9
provides a scheme of the film structure at different stages of
this experiment. The F 1s spectrum in Figure 8II after
deposition of the [C8C1Im][PF6] film (1 ML) shows the
expected FPF6 peak of the [PF6]
− anions. In the C 1s spectrum,
we find the Chetero and Calkyl peaks for the two carbon species in
the [C8C1Im]
+ cation with a ratio of Chetero/Calkyl of 0.64 in
80°, which is very close to the nominal ratio of 0.71 (=5:7). As
reported earlier,34,35 this contrasts the behavior at RT34,35,89,105
(see also Figure S1 in the Supporting Information) because for
deposition at temperatures around 85 K, the alkyl chain shows
no preferential surface enrichment, as sketched in Figure 9II.
In the N 1s region, we observe one peak because of the two N
atoms of the imidazolium cation.
The spectra after deposition of 2H-TPP onto the IL film at
84 K in Figure 8III show a pronounced attenuation of all IL-
related XPS signals. We also find two additional peaks in the N
1s and one in the C 1s spectrum related to the two
inequivalent nitrogen species and the carbon in 2H-TPP.
The spectra clearly indicate that the 2H-TPP molecules remain
at the vacuum interface at this LT and cover the IL film
underneath; see Figure 9III.
Upon heating to RT, we observe several changes in the XP
spectra in Figure 8IV. All IL-related contributions gain
intensitythe Calkyl peak shows a particularly strong
increasewhereas at the same time, the 2H-TPP signals
decrease substantially. We attribute these changes to the
diffusion of 2H-TPP molecules to the Ag(111) surface and
replacement of the IL at the interface to the metal. As a result,
[C8C1Im][PF6] forms the new IL/vacuum interface of the
film; see Figure 9IV. Notably, at RT, the FPF6, Ncation, and
Chetero signals at 80° are lower than they were in the spectra of
the film of pure [C8C1Im][PF6] on Ag(111) at 84 K. This is
due to the strong enrichment of the alkyl chains at the vacuum
interface at RT, which is not observed after the deposition of
the IL at 84 K, because of lack of mobility.34,35 The ratio of
Chetero/Calkyl of 0.41 at RT in Figure 8IV is similar to the value
of equally thick films of pure [C8C1Im][PF6] directly on
Ag(111)34 (see also Figure S1 in the Supporting Information).
To further elucidate this exchange process, we monitored
the thermal evolution of the F 1s and C 1s peak intensities by
in situ temperature-programmed XPS at 80° emission; see
Figure 10. After the deposition of one layer of 2H-TPP on 1
ML of [C8C1Im][PF6] at 84 K, the layered film was heated
from 84 K to RT with a heating rate of 2 K/min. All intensities
remain constant up to about 215 K. Thereafter, the FPF6 signal
Figure 9. Scheme of the film structure in the heating experiment after
deposition of a monolayer of 2H-TPP onto 1 ML of [C8C1Im][PF6]
on Ag(111) at 84 K. The Roman numerals correspond to the spectra
shown in Figure 8.
Figure 10. Thermal evolution of F 1s and C 1s spectra measured in
80° during heating after deposition of a monolayer of 2H-TPP on top
of 1 ML of [C8C1Im][PF6] on Ag(111) at 84 K. Heating rate: 2 K/
min.
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increases by almost 70% until 255 K. Simultaneously, the Calkyl
signal of the [C8C1Im]
+ cation also increases by more than
100%, whereas the porphyrin-related C 1s contribution
decreases to 40%. From this behavior, we conclude that the
exchange of the IL molecules by the 2H-TPP molecules at the
Ag(111) interface occurs at about 240 K.
The main driving force for the exchange at the metal
interface very likely is the considerably larger adsorption
energy of 2H-TPP on the metal surface compared to
[C8C1Im][PF6]; the IL WL desorbs at around 445 K, whereas
2H-TPP does not desorb until decomposition occurs at
temperatures above 525 K.9,122,123 For comparable exchange
processes between different ILs, involving [C8C1Im][PF6]/
Ag(111),34,35 the surface tension at the vacuum interface was
identified as one of the driving forces, and the other main
factor was the stronger adsorption of one of the ILs on the
metal. In the present case, no information on the surface
tension of 2H-TPP is available. In line with earlier studies on
exchange processes in organic bilayers,10,27−30 it seems
reasonable to assume that the determining factor for the
replacement of [C8C1Im][PF6] by 2H-TPP at the IL/metal
interface is the stronger binding of porphyrin to the metal
surface.
In our previous temperature-dependent studies dealing with
the interdiffusion of [C8C1Im][PF6] with other ILs in ultrathin
films on Ag(111),34,35 we observed the onsets of diffusion at
temperatures slightly below that of the bulk glass transition of
[C8C1Im][PF6], which is at about 190 K.
153,154 The exchange
of [C8C1Im][PF6] by 2H-TPP on the Ag(111) surface in the
present experiment occurs at a temperature that is about 50 K
higher. This observation indicates that the exchange process is
determined rather by the properties of the porphyrin layer at
the vacuum interface, and not by the IL layer below, which
should have enough mobility already at a lower temperature.
The delay of the exchange process to considerably higher
temperatures could result from a change of the physical
behavior of [C8C1Im][PF6] because of the confinement of the
IL film under the 2H-TPP layer, which itself is likely stabilized
laterally by strong phenyl−phenyl bonds.96,97,122,123,132−139,155
Indeed, Chen et al. showed that confinement of a closely
related IL, [C4C1Im][PF6], in multiwalled carbon nanotubes
led to a considerable increase in the melting point of the IL,
likely due to the formation of stable hydrogen bond networks,
where shorter than usual C−H−F contacts can be formed.156
Another possibility for the shift of the transition to higher T
could be the higher activation energy. Because of the larger size
of the porphyrin molecule, two ion pairs need to be replaced at
the IL/metal interface for one porphyrin molecule instead of
only one cation or anion (as in the case of the previously
mentioned IL/IL films on Ag(111)).34,35
For the corresponding experiment on Au(111), we again
monitor the F 1s, N 1s, and C 1s signals at 80°; see Figure 11.
After deposition of 1 ML of [C8C1Im][PF6] on Au(111) at 80
K, the ratio of Chetero/Calkyl of 0.63 in Figure 11II is again quite
close to the nominal ratio of 0.71 (=5:7). The spectra after the
deposition of a single layer of 2H-TPP on top of the IL film in
Figure 11III show the porphyrin-related N 1s and C 1s
contributions in the expected quantities and a strong
attenuation of the IL signals, which again indicate that the
porphyrin molecules cover the IL film. Upon heating to RT,
the IL-related peak intensities in Figure 11IV increase again,
whereas the porphyrin signals lose intensity. With a ratio of
Chetero/Calkyl of 0.40 at RT, the alkyl chain enrichment is similar
to that on 2H-TPP-covered Ag(111) and also to that of
macroscopic films of [C8C1Im][PF6]
34,157,158 (see also Figure
S1 in the Supporting Information). We therefore conclude that
on Au(111) also, the IL at the metal surface is replaced by
porphyrin upon heating to RT.
4. SUMMARY AND CONCLUSIONS
Studying the interaction of the porphyrin 2H-TPP and the IL
[C8C1Im][PF6] on Ag(111) and Au(111) by ARXPS, we
demonstrate for the first time that well-defined bilayered
porphyrin/IL film systems stable up to above 100 °C can be
produced on both metal surfaces by means of PVD under
UHV conditions. Starting with a monolayer of 2H-TPP, we
observe the growth of a closed 2D [C8C1Im][PF6] WL on top
of the 2H-TPP-covered metal surfaces. Further IL deposition
leads to the formation of 3D islands on top of this WL; this
Stranski−Kranstanov-like IL growth behavior is less pro-
nounced when [C8C1Im][PF6] is deposited directly on bare
Ag(111) and Au(111). Heating the bilayered IL/2H-TPP films
to about 385 K does not lead to film intermixing; above this
temperature, the IL layer starts to desorb. Similar to
[C8C1Im][PF6] multilayers, the IL on the 2H-TPP-covered
metals desorbs entirely below 425 K. This contrasts the
situation on the bare Ag(111) and Au(111) surfaces, where in
the absence of 2H-TPP, a clear separation between the
Figure 11. Spectra (80°) of F 1s, C 1s, and N 1s core levels for (I) clean Au(111), (II) after deposition of 1 ML of [C8C1Im][PF6] at 80 K, (III)
after direct deposition of a monolayer of 2H-TPP on top at 80 K, and (IV) after heating to RT.
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desorption of the multilayers and the IL WL in direct contact
to the metal was observed. We assume that the porphyrin layer
decouples the IL from the metal surfaces, effectively inhibiting
the stronger specific adsorption of the ions. After IL
desorption, the 2H-TPP layer remains on the surface. In
contrast to Ag(111), we observe signs of thermal decom-
position of the IL on Au(111) and 2H-TPP/Au(111) in the
course of heating, leaving cation-related residuals behind.
After deposition of 2H-TPP on top of a frozen film of
[C8C1Im][PF6] at around 80 K, the 2H-TPP layer covers the
IL film below. Upon heating, the porphyrin molecules replace
the IL at the IL/metal interface at around 240 K. This
exchange process is most likely driven by the higher adsorption
energy of 2H-TPP on the Ag(111) and Au(111) surfaces as
compared to the IL. With reference to earlier studies,34,35 we
assume that this temperature of 240 K is determined by the
onset of mobility of the porphyrin layer.
Our studies on the replacement of IL layers at the IL/metal
interface by postdeposition of porphyrins or comparable
organic species are highly relevant for the understanding of
processes in the liquid phase. In a way, our UHV-based
experiment mimics preferential (selective) adsorption of
porphyrins on the corresponding substrates from a diluted
porphyrin solution. As the deposition from the liquid phase
can follow completely different mechanisms from the
deposition from the gas phase, the resulting surface structures
of the porphyrin layer could be quite different. Such
replacement effects are closely related to stability issues of
IL-related catalytic systems: on the one hand, poisoning of a
SCILL catalyst through adsorption of molecular reagents
similar to 2H-TPP could irreversibly block the support surface
and would lower the effectivity of the catalyst over time, similar
to poisoning of Pt catalysts by sulfur or other nonreactive
species.159−162 On the other hand, SILP systems using catalytic
centers based on metalloporphyrin derivatives18 could face
major challenges if the complexes preferentially adsorb to the
support surface and thus are depleted from the liquid phase.
The system would lose the characteristic homogeneous nature
of the catalyst and possibly diminish its reactivity/selectivity.
From an even more general point of view, the observed
exchange is also relevant for the stability of organic−organic
heterostructures on solid supports. When a device (like a
porphyrin-based field-effect transistor) is prepared at one
temperature but used at higher temperatures, the increased
mobility of the molecules could change the intended structure/
organization of the layered film stack.
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Molecular orientation during the growth of [C8C1Im][PF6] on Ag(111) and Au(111) 
The C 1s spectra of [C8C1Im][PF6] show two clearly distinguishable signals related to the 
cation, one peak at around 287 eV for the five Chetero atoms adjacent to the N atoms and a 
second peak at about 285 eV for the remaining seven Calkyl atoms of the alkyl chain (for the 
molecular structure see Figure 1 of the main article). Figure S1 shows the ratio of the Chetero 
to Calkyl peak areas in the C 1s region at 80° emission at RT. For coverages of [C8C1Im][PF6] 
below 0.5 ML (which is less than one closed IL layer), this ratio is close to the nominal value 
of 5:7 = 0.71, indicating a flat lying geometry of the [C8C1Im]
+ cation with both the 
imidazolium head group and the octyl chain in contact with the metal surface. Approaching 
0.5 ML, that is, one closed molecular layer, the ratio quickly approaches the value observed 
for the macroscopic films. We conclude that the octyl chains gradually detach from the metal 
surface and orient towards the vacuum. This behavior was previously observed for 
[C8C1Im][Tf2N] on Ag(111)
1 and on Au(111).2 For films with a thickness above 1 ML, the 
Chetero:Calkyl peak ratio of [C8C1Im][PF6] approaches the value of 0.43 measured for 
macroscopically thick [C8C1Im][PF6] films.
3-5 The deviation of the thick films from the 
nominal ratio is a result of the preferential enrichment of the alkyl chain of the cation at the 
IL/vacuum interface.1, 4, 6 
S2 
 
The driving force behind this molecular rearrangement approaching 0.5 ML coverage is 
most likely related to the fact that it allows for a tighter packing of the ions within the WL at 
the interface.1-2 Although it implies that the cations’ individual adsorption energy is lowered 
by the (missing) contribution of attractive van der Waals interactions of the alkyl chain with 
the metal surface, it likely creates an energetic net benefit by lowering the average distance 
between the adsorbed ionic head groups and further by freeing up more adsorption sites at the 
interface to adsorb further IL ion pairs in direct contact with the metal. 
 
 
Figure S1: Ratio of the Chetero to Calkyl peak areas in the C 1s region (80° emission) as a 
function of the film thickness of [C8C1Im][PF6] on Ag(111) and Au(111) at RT. The 
horizontal lines mark the nominal ratio and the ratio observed for macroscopic films in 80° 
emission.3-5 For coverages below 0.5 ML, the ratio is close to the nominal value, indicating a 
flat lying geometry of the [C8C1Im]
+ cation. For multilayers, this ratio quickly approaches the 
value observed for macroscopic films.3-5 The deviation of the thick films from the nominal 
ratio is due to a preferential surface enrichment of the alkyl chain of the cation.1, 4-5 
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Deposition of 2H-TPP on an IL-covered 2H-TPP monolayer 
To further elucidate the preferential structure of IL/porphyrin composite films, we deposited 
a monolayer equivalent of 2H-TPP on an IL-covered monolayer of 2H-TPP on Ag(111). On 
the basis of the 80° XP spectra in Figure S2, the film structure after each step of this sequence 
of deposition experiments will be discussed. 
Figure S2-II shows the spectra after the deposition of the first 2H-TPP monolayer on 
Ag(111). The C 1s spectrum displays one dominating peak at 284.9 eV, which corresponds to 
the 44 aromatic C atoms in the porphyrin molecule,7 along with two shake-up satellites at 
288.6 and 291.6 eV, which are common for molecules with extended conjugated π systems.8-9 
As expected, there is no peak in the F 1s region. 
Figure S2-III shows the spectra after the deposition of 0.5 ML of [C8C1Im][PF6] on top of 
the 2H-TPP layer. We note additional contributions in the C 1s region at 287.4 and 285.7 eV, 
due to the five Chetero atoms and the seven Calkyl atoms of the imidazolium cation. The 
porphyrin C 1s peak decreases. The F 1s peak at 687.0 eV corresponds to the six FPF6 atoms 
of the IL anion. The combined spectral changes indicate that the IL film covers the porphyrin 
layer. 
After the deposition of an additional monolayer equivalent of 2H-TPP on top of the IL-
covered 2H-TPP monolayer on Ag(111) there is no change in peak area of the FPF6 atoms in 
the 80° F 1s spectrum (compare Figure S2-IV to Figure S2-III), which indicates that the IL 
remains at the vacuum interface. The peak shift of +0.3 eV can be explained by an increase in 
the thickness of the 2H-TPP film between the IL layer and the Ag(111) surface. A larger 
distance of [PF6]
- to Ag(111) lowers the core-hole screening by the metal, leading to a peak 
shift to higher binding energy. This was shown previously for other ILs on Ag(111)1 and 
Au(111).2 
We conclude that the deposition of an additional monolayer equivalent of 2H-TPP on top 
of an IL-covered 2H-TPP monolayer on Ag(111) leads to the intercalation of the second 2H-
TPP layer between the IL and the first 2H-TPP layer, such that the IL film remains at the 
vacuum interface with a 2H-TPP double layer below. 
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Figure S2: XP spectra of F 1s and C 1s core levels at 80° emission for (I) the clean Ag(111) 
surface, (II) a monolayer of 2H-TPP on Ag(111), (III) after deposition of 0.5 ML of 
[C8C1Im][PF6] on the 2H-TPP monolayer at RT, and (IV) after deposition of an additional 
monolayer equivalent of 2H-TPP on top of an IL-covered 2H-TPP monolayer on Ag(111) at 
RT. The purple peaks are assigned to 2H-TPP. The scheme at the bottom shows the film 
structure after each step of this sequence of deposition experiments. 
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Residuals on Au(111) after IL desorption compared to Ag(111) 
The spectra in Figure S3 were acquired after heating films of [C8C1Im][PF6] on bare and 2H-
TPP-covered Ag(111) and Au(111) surfaces to 500 K in UHV. For Ag(111), the spectra in 
Figure S3a show no IL-related peaks. On Au(111), we also observe complete removal of the 
anion-related FPF6 signal in the spectra in Figure S3b. In the N 1s and C 1s regions in 
Figure S3b, however, residual peaks remain which seem to be related to the IL cation. We 
carefully checked for potential influence of X-ray beam damage, but neither lowering the X-
ray exposure, from typically over 3 h to less than 10 min before desorbing the IL film, nor 
varying the amount of IL deposited leads to notable changes in the amount of residuals 
formed upon desorption of the IL from bare and 2H-TPP-covered Au(111).  
 
Figure S3: Surface composition after heating films of [C8C1Im][PF6] to 500 K (XP spectra 
F 1s, N 1s and C 1s at 80° emission), a) on bare and 2H-TPP-precovered Ag(111), and b) on 
bare and 2H-TPP-precovered Au(111).  
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